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ABSTRACT
Samples of species and size composition obtained by trawling were matched 
with the corresponding echo-distributions from two hydroacoustic and trawl surveys in 
the western Indian Ocean, off Mozambique, and in two surveys in the northern Gulf of 
Mexico. In the Mozambique surveys, a Simrad EY-M echosounder was used and the 
data was analized by applying the Craig & Forbes algorithm. In the Gulf o f Mexico 
surveys, a BioSonics Dual-beam System (Model 102 echosounder, ESP echo-integrator, 
and ESP dual-beam processor) was used.
The results obtained show that, provided that a particular hydroacoustic and 
trawl sample yielded a stable size-disribution of the fish species present in the area and a 
stable TS-distribution of individual echoes, the match o f the mean values o f normal 
components of each distribution is achieved. The match was sought by calculating the B 
coefficient from the “simplified Love’s equation” (TS = 20 x logio Length -  B) and 
comparing the obtained value with published results for similar species.
A number of individual matches for the same species was then used to estimate 
the equations relating fish size and target strength for individual species in these multi­
species ecosystems. This was achieved by testing the fit of the individual data pairs to 
linear regression models, both in the form of the simplified Love’s equation, through a 
restricted regression with slope = 20, and on its generalized form (TS = m x logio
vi
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Length -  8.) The models produced for the different species were also tested for 
differences among them and were found to be significantly different.
Equations relating target strength and fish size were adopted as representative 
for three species from the northern Gulf o f Mexico, the round herring , Etrumeus teres, 
the Gulf butterfish, Peprilus burti, and the chub mackerel, Scomber japonicus, and for 
one species from the western Indian Ocean, the Indian pellona, Pellona ditchella. In 
addition, one observation on the relationship between target strength and length of the 
round herring from Mozambique was found to fit the model adopted for the same 
species in the Gulf of Mexico.
vii
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INTRODUCTION
I. Brief History of Acoustic Fish Stock Assessment
Hydroacoustics, the use of echo-sounders in fisheries research, has been used for 
fish stock assessment since the 1930’s and has been proven to be an excellent tool for 
studying free-swimming aquatic organisms. Since the frequencies at which scientific 
sounders operate can not generally be detected by fish, hydroacoustics is a totally 
unintrusive method for the observation and sampling of fish and zooplankton 
populations. In the last 60 years, hydroacoustics research has progressed so that 
quasi-automatic assessment of fish and zooplankton can be conducted in real time 
during research surveys. There is, however, a problem that has not been solved and 
hampers the usefulness of hydroacoustics which is the inability to identify the target 
species directly from the data generated by the hydroacoustics systems (MacLennan and 
Simmonds 1992; Brandt 1996).
The first results of hydroacoustic research were published by Sund (1935) and 
included the use of echograms, the image of echo-soundings on electro-sensitive paper, 
to show the relative abundance of cod throughout the fishing grounds off the Norwegian 
coast. The first attempts at quantifying the results from an echo-survey led to the 
method of visual fish counting. This method consisted in enumerating single 
echotraces, or the echoes of single fish in the echograms, along standard stretches of the 
survey-vessel track (Cushing 1952 and 1964, cited by Forbes and Nakken 1972).
1
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These numbers were then related to the surveyed area in order to estimate the total 
abundance of the targeted species.
The realization that the received echo-intensity could be measured directly by 
volt-meters connected to the echosounder, paved the way to the first automatization of 
echosignal processing. The first echo-integrator was a device linked to the echosounder, 
that accumulated the energy from the received signals. This technique was first tested 
by Dragesund and Olsen (1965, cited by MacLennan and Simmonds 1992). Midttun 
and Nakken (1971) demonstrated that fish density, p, is proportional to the output of an 
echo-integrator, M, in a calibrated acoustic system:
p « C x M
The echo-integration constant, C, can be calculated by direct methods, including 
inter-ship calibration and caged fish measurements (Bayona 1984), or it can be derived 
by measuring the mean intensity of the echoes produced by the fish targeted. The 
backscattering cross-section of a target, cr, or its logarithmic equivalent, target strength 
(TS = 10 logio a), is the single variable that relates the received echo-intensity to the 
characteristics of fish, such as their sizes (Johannesson and Mitson 1983; MacLennan 
and Simmonds 1992).
MacLennan (1990) described the relationship between the number of fish per 
unit area and the output of an echo-integrator by the following “echo-integration 
equation”:
P = M [  ■— ?— ]
0 <o>
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3where B is a calibration factor for the acoustic system, based on the power and rate of 
the transmissions, and on the characteristics of the transducer used; g  is the correction 
factor for the attenuation of sound in water; y/ is the factor that accounts for the loss of 
intensity caused by the spread of targets in the acoustic beam; and <a> is a measure of the 
mean back-scattering cross section of the detected fish.
Presently, electronic components are incorporated in the scientific sounders to 
account and correct for a standardized sound intensity released, the attenuation due to 
geometric spreading, as well as for the effect of water density on sound velocity (Forbes 
and Nakken 1972). The constants of the echosounder can also be accurately measured 
and inserted in the algorithm for echo-signal treatment, whereby the hydroacoustics 
system produces an immediate estimation of biomass (Ehrenberg 1983).
In the sonar theory, a, the back-scattering cross-section, describes the section of 
a “perfectly reflecting” spherical target. However, fishes are not spherical and the 
intensity of the echo from a fish depends on its aspect relative to the axis of the acoustic 
beam, and to its physical characteristics. The first studies of fish target strength 
involved the use of dead or stunned fish immobilized in frames, so that the intensities of 
the echoes produced could be accurately measured, and related to the species, the size of 
the fish, and the aspect o f the fish relative to the acoustic axis. Some of the most 
extensive of these studies, such as those of Love (1969, 1971 and 1977), Edwards and 
Armstrong (1983 and 1984), McCartney and Stubbs (1971), and Nakken and Olsen 
(1977), have been summarized and discussed by Foote (1991), MacLennan and 
Simmonds (1992), and McClatchie et al (1996).
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4The estimation of TS under field conditions remained an unsolved problem for 
some time, mainly due to the lack of a method to correct the echo-intensities received 
from targets that were not on the axis of the acoustic beam. Therefore, applying 
laboratory derived TS values to field conditions where fish are alive and swimming 
freely, raised questions of appropriateness. Several authors, probably starting with 
Craig and Forbes (1969), published alternative methods aimed at deriving the mean TS 
of fish acoustically studied in situ. One approach consisted o f employing statistical 
methods to solve the probability distribution functions of large samples of individual 
echoes (Ehrenberg 1972 and 1983a; Clay 1983; Robinson 1983). Important 
developments in hydroacoustics instrumentation, as far as accurate measurement of 
target strength is concerned, have been the design of acoustic systems with 
“direction-sensing transducers” that determine the position of the target relative to the 
acoustic beam, such as the multi-beam transducers. The dual-beam, first described by 
Ehrenberg (1974), and particularly the split-beam (Foote et al 1984), transducers allow 
to measure the real echo-intensity of a target even if it was not located on the acoustic 
axis of the sounder. Hydroacoustic systems with these transducers give as output the 
target strength of each target detected and its location in the water column. As a result, 
after digitalization of the echoes, and under ideal conditions, the distribution of the 
echo-intensity of the single targets detected by depth interval can be obtained 
(MacLennan and Simmonds 1992).
Most of the research that led to the present development of acoustic fish stock 
assessment has been performed on single species populations, or on dominant species in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5a mixed species system. The application of hydroacoustics to more complex nekton 
communities, composed of a mix of species with similar sizes and in variable 
proportions, such as the tropical Indo-Pacific or the Gulf of Mexico, has been hampered 
by the lack of a reliable method to relate the proportions of each species and size group 
to the hydroacoustic data (Paula e Silva 1987; Gledhill e ta l 1991).
2. Problems with Species Identification: The Gulf of Mexico and the 
Western Indian Ocean
Tropical and subtropical marine systems, such as the Gulf of Mexico (GoM) and 
the western Indian Ocean, typically feature a large variety of species making it difficult 
to apply traditional methods of stock assessment. Furthermore, due to the high mean 
temperatures that prevail in these areas, the growth and mortality of tropical aquatic 
organisms, particularly the small pelagic species, are higher than in higher latitudes, 
preventing the development of fish sizes and densities that support commercial 
fisheries. However, there is a potential in these resources that calls for specific methods 
of stock assessment, and acoustic technology was among the first to be applied to these 
assemblages.
National Marine Fisheries Service (NMFS) “Small Pelagics Research Program” 
was initiated in 1983 to develop information on the large concentrations o f small 
pelagic fishes in the GoM. Most of the species in offshore waters do not support any 
significant commercial fishery, although their combined potential yield having been 
estimated at 5 million metric tons for the eastern part of the GoM (Gledhill 1989; Reese 
1991). Up until 1989, the surveys conducted under the above mentioned program 
concentrated in gear evaluation, although systematic and stratified trawl surveys were
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6also performed (Gledhill 1989). The initial hydroacoustic coverage of these resources 
was conducted between 1990 and 1994 with a Biosonics Model 102 portable 
echosounder with two dual-beam transducers operating at 38 kHz and 120 kHz, 
respectively. These selected frequencies complement each other, since the 38 kHz is 
adequate to sample small fish down to a depth of 300 m, while the 120 kHz transducer 
is adequate to the upper layers. This arrangement is in accordance with the two groups 
of small pelagic fishes identified in the GoM. An inshore assemblage, consisting of 
Spanish sardine (Sardinella anchovia), scaled sardine (Harengula jaguana), thread 
herring (Opisthonema oglinum), and several species o f  anchovies (Anchoa spp.), is 
concentrated in waters less than 50 meters deep. Rough and bigeye scads (Trachurus 
lathami and Selar crumenophthalmus respectively), round herring (Etrumeus teres), 
chub mackerel (Scomber japonicus), silver driftfish (Ariomma bondi), and gulf 
butterfish (Peprilus burti) are more common in waters deeper than 50 meters, have been 
caught in stations as deep as 200 meters and constitute the offshore assemblage 
(Gledhill et al 1991).
Preliminary results from the October-November, 1990, survey (Gledhill et al 
1990) include a comparison of the relative densities detected in the day and night 
transects. The figures show that, with one systematic exception (the transect along 
88°35’W), the relative densities at night were several orders of magnitude higher that 
during the respective day-time transects. Four midwater trawl hauls were performed 
and the corresponding acoustic data analyzed later yielded the first in situ TS 
measurements of what was believed to be echoes from round herring in the Gulf of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7Mexico. Until recently, the difficulties associated with acoustic data processing, as well 
as with the complexity of the species composition in most of the trawl hauls, have 
prevented any further analysis (Gledhill, pers. comm.).
Prior to the above mentioned report, Love (1969 and 1971) measured the TS at 
different aspects of eight species o f the northern Gulf of Mexico and of the southeastern 
Atlantic coast of the US. Only one of the species considered in the "small pelagics 
complex” of the Gulf (bay anchovy, Anchoa mitchilli) was included. However, there 
are measurements of the chub mackerel from the South China Sea, of Trachurus spp. 
also from other regions, as well as of several clupeoids, that can be used for comparison 
with any studies of the Gulf of Mexico's small pelagic fish (MacLennan and Simmonds 
1992; McClatchie e ta l 1996).
The first extensive assessments of the offshore fishery resources of the Western 
Indian Ocean date from 1976 (Burczynski 1976; Birkett 1979; FAO 1979). 
Hydroacoustic methods were used in these assessments, based on hull-mounted 
single-beam transducers connected to SIMRAD scientific sounders. During the work of 
R/V “Prof. Mesyatsev”, only electronic calibration of the acoustic equipment with 
submerged hydrophones was performed (Birkett 1979). Since at that time the 
calibration coefficients for the species in the region had not been obtained, the acoustic 
coverage was used only to give the extension of the concentrations of small pelagic fish 
and density estimates were based in day-time bottom-trawl catches. Later, a regression 
equation relating echo-density and trawl data was produced during a workshop to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8review the results of the R/V “Prof. Mesyatsev” surveys, and was proposed as a 
calibration coefficient for subsequent hydroacoustic surveys in the region (FAO 1979).
In 1977-1978, the Norwegian research vessel R/V “Dr. Fridtjof Nansen” 
performed four hydroacoustics coverages off the Mozambican coast, using also single­
beam, hull-mounted transducers connected to Simrad echosounders and echo- 
integrators. The calibration coefficient used to convert echo-integration figures into fish 
density had been previously calculated for a mix of small pelagic species studied with 
the same equipment in the north Arabian Sea (Saetre and Paula e Silva 1979). Small 
pelagic fishes off Mozambique were composed of engraulids (Stolephorus spp., 
Encrasicholina spp., and Thryssa spp.), carangids (Decapterus spp., Trachurus 
delagoae, Megalaspis cordyla, Selar crumenophthalmus, and Carangoides spp.), 
mackerels (Rastrelliger kanagurta and Scomber japonicus), sardines (Pellona ditchella, 
Hilsa kelee, and Sardinella spp.), small barracudas (Sphyraena spp.), driftfish (Ariomma 
indica), and ponyfish (Leiognathus spp.). The acoustic assessment of each fish family 
was done by multiplying the estimated total pelagic biomass (discriminated visually 
from the echograms) by the proportion of each taxon in combined pelagic and day-time 
bottom-trawi catches (Saetre and Paula e Silva 1979).
Between 1985 and 1987, another Norwegian ship, the seiner F/S “Atl0y Viking”, 
was used for hydroacoustic assessments of small pelagic fish in the central and southern 
coastal waters off Mozambique. For these surveys, a Simrad portable scientific sounder 
with a single-beam, 70 kHz transducer was used. The acoustic signals were recorded in 
analog audio tapes and later digitized and processed for echo-integration and TS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9analysis using the method proposed by Craig and Forbes (1969) as applied by Lindem 
(1983). As a preliminary result of these surveys, Paula e Silva (1987) presented the first 
measurements of TS, and its relationship with fish size, for several species of that 
region.
MacLennan and Simmonds (1992) suggested that the echograms obtained during 
an acoustic survey should be analyzed visually in order to determine the proportions of 
the different species, prior to final analysis of acoustic data. This was the method used 
in the western Indian Ocean surveys o f 1976 to 1979, and depends upon the experience 
of the researchers in identifying the echotraces produced by different species in a given 
survey area. Brandt (1996) proposed two alternative approaches, the first being to 
conduct separate surveys in areas, seasons, or times of day when each of the species to 
be assessed are known to be dominant. The other method is weighting the acoustic 
biomass estimates by the proportions of the different species in the system, as estimated 
by another sampling means, such as trawling. Brandt (1996) pointed out, however, that 
the precision and accuracy of the abundance estimates thus obtained are completely 
dependent upon the precision and accuracy of the complementary sampling procedure.
Since species are unique, it can be expected that the echo-intensity generated by 
a fish depends, not only on its size, but more generally on its physical characteristics, 
such as its body shape the size, shape, and type of the swimbladder, when it exists, and 
on behavioral characteristics, such as schooling behavior and diel movements that cause 
differences in aggregation and in the orientation of the fishes in the water column. 
Based on these assumptions, it has long been postulated that each species might exhibit
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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an “acoustic signature” (MacLennan and Simmonds 1992). One of the approaches 
applied to derive this has been the use of echosounders that operate at several 
frequencies (Love 1969 and 1971; McCartney and Stubbs 1971; Simmonds et al 1996) 
to study the “spectral” echo-intensity of a single target at each frequency for a fixed 
aspect, or conversely for different aspects of the same target; this technology, however, 
was never applied to multi-species assemblages of fish. Another approach has been the 
study o f specific characteristics o f fish schools and the use of statistical methods, such 
as discriminant analysis and artificial neural networks, to automatically identify the 
species that produce them (Rose and Leggett 1988; Haralabous and Georgakarakos 
1996; Scalabrin e ta l 1996). This method, however, has not been applied to cases when 
the fish aggregate very close to the bottom during day-time and disperse in the water 
column at night, as is the case of some species of scads in the GoM and in the western 
Indian Ocean (FAO 1979; Sastre and Paula e Silva 1979; Gledhill et al 1991).
Although there are many studies published on the relationship between echo- 
intensity and fish size for many different species, there has been very few studies in 
which target strength distributions were used to identify and quantify the species present 
in the survey area (Robinson 1983; Lindem 1983), and certainly none was conducted in 
tropical or subtropical multi-species marine systems.
3. Relationship between Target Strength and Fish Length 
As mentioned above, the acoustic theory includes the quantity a  as the surface of 
a “uniformly reflecting” sphere. On the other hand, target strength or the echo-intensity 
of a target in acoustic units is defined as:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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TS = logio a  / 4n,
such that a sphere with 2 meters of radius has a target strength of zero dB (Forbes and 
Nakken 1972). Intuitively, this set of definitions makes one think of a “geometric” 
relationship between the size of fish and the intensity o f the echoes produced by them.
All earlier researchers of the target strength o f fish have presented their results in 
the form of the model
TS = m logio Length + B (1)
This is the often-quoted “Love’s formula”, which is an empirical relationship 
between dorsal-aspect target strength of fishes belonging to 16 families, measured in 
experimental conditions (Love 1971).
As in any mathematical model, equation (1) is a simplification of a complex of 
factors and, as stated by MacLennan and Simmonds (1992), “... the determinants of the 
target strength are too complicated to be described by one simple relationship, 
applicable to all species.” In the case of fish, our target very seldom resembles a sphere, 
therefore, any measurement that may describe the deviation between that simple 
geometric form and the sound-scattering volume or surface of a fish will help make any 
model closer to reality. Secondly, what reflects sound in a fish is the sum of all the 
tissues of the animal, and these tissues are not rigid and may actually change with the 
physiology and ontogeny of the fish. Thirdly, fish in natural conditions do not present 
always the same aspect to the echosounder, changing their backscattering cross-section 
with their very movements.
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Therefore, as many authors have warned, we must not see the relationship 
translated by the model above as a deterministic entity, such that one fish can produce 
only one echo-intensity, and vice-versa. As MacLennan and Simmonds (1992) state, we 
should view TS as a stochastic variable associated with a probability distribution 
function. It follows as a corollary that, using “Love’s formula” or any other TS-length 
relationship to predict the fish sizes that produced an observed TS distribution is an 
obvious oversimplification of reality.
This has not prevented the researchers of hydroacoustics from seeking patterns 
that allow them to express the above mentioned relationship in terms of a particular 
species or group of species. MacLennan and Simmonds (1992) presented a large 
number of results of TS measurements of live fish, crustaceans and squids, most of them 
referring to a particular species and, in some cases with repeated measurements for the 
same species. An important review was presented by Foote (1987) who, reanalysing 
data from several authors and observation methods, proposed two equations to predict 
the mean in situ TS of physoclists and clupeoids during research surveys conducted 
with hydroacoustic systems operating at a frequency of 38 kHz. Foote (1987) also 
discussed the high variability of the data and suggested that more attention should be 
given to biological and behavioral aspects of the different species when applying the 
proposed equations. Both Foote’s (1987) equations and MacLennan and Simmonds 
(1992) list of TS-length relationships were presented in the form o f equation (1). A 
recent study of the target strength of the common jellyfish, Aurelia aurita, addressed its 
relationship, still of the same form, with their disc diameter (Mutlu 1996).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Another important concern in hydroacoustics is the morphology and physiology 
of the swimbladder of fishes. This organ has been shown experimentally to contribute 
from 20% to 80% of a fish’s backscattering cross-sections (Foote 1980). Foote (1987) 
discussed mainly the differences between fishes with open swimbladders, the 
physostomous species such as the clupeoids, and fishes with closed swimbladders, the 
physoclists to which belong most of the gadoids in previous studies. Foote (1980) also 
reported measurements of other fishes that do not have a swimbladder, such as the 
mackerels and some tunas.
Another consideration deals with the behavior of the different species in the 
wild. Fishes may change their orientation relative to the water’s surface, particularly 
when migrating in the water column. McClatchie et al (1996) compared the results of 
observations by different authors of the “tilt angle” of several species, showing that they 
may behave differently. Tilt angle is a deviation from horizontal and, as widely shown 
by most authors who measured tethered fish, may decrease considerably the TS of a fish 
(Love 1969, 1971, and 1977; Nakken and Olsen 1977; Fedotova and Shatoba 1983).
Besides differences in orientation, diel migrations of different species may affect 
them differently by changing the size and shape of their swimbladders and these 
changes may help identify the species in the field. Edwards et al (1984, reproduced in 
MacLennan and Simmonds 1992) showed that the TS of fish enclosed in a cage for 
several days varied in a diel rhythm around a mean value by a value o f less then 2 dB in 
herring, and by more then 5 dB (values standardized for weight differences) ir. mackerel 
and sandeel. Another experiment by Edwards and Armstrong (1984, also shown in
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MacLennan and Simmonds 1992) demonstrated differences in TS for three species of 
fish when the containing cage was lowered from 17.5 to 46.5 meters. MacLennan et al 
(1990) further discussed the results of these experiments, especially concerning their 
extrapolation to natural conditions. Buerkle (1983), Olsen et al (1983), and Olsen et al 
(1983a) reported behavioral studies of several species of fish, showing both the 
“normal” behavior and the influence of ship noise, and the bias produced by 
differentiated behavior on TS and on acoustic estimates of abundance. In the same line, 
Appenzeller and Leggett (1992) presented the effects of schooling in the results of 
hydroacoustic surveys.
The exact form of the model that relates TS and fish length remains contentious. 
Two of the first, and still widely accepted forms of the model, those by Love (1969 and 
1971) and McCartney and Stubbs (1971), included a term to account for the influence of 
the frequency at which the TS measurements are taken:
TS = m logio Length + Bi X + B2 
where X is the wavelength of the transmitted sound pulse. (Alternative equations 
including frequency instead of wavelength were developed by the authors.) The reason 
for the inclusion of this term in the model stems from the acoustics theory that states 
that the echo-intensity produced by a target follows two different laws of acoustic 
dispersion, geometric and Rayleigh, according to the ratio of the size of the target to the 
wavelength (Forbes and Nakken 1972). However, Love (1977) proved that, in the range 
of target sizes, frequencies, and positions at which the available data were generated, the 
error incurred by omitting the frequency term can be considered negligible. For this
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reason, Foote (1987) and MacLennan and Simmonds (1992) suggested that, by omitting 
the frequency term, we have not only a simpler model to work with, but also one where 
we can compare the results from different measurements.
In addition to contention over the inclusion of frequency, the slope coefficient of 
the model has not led to agreement. McClatchie et al (1996) argued that forcing the 
regressions o f TS on length through a slope m=20 is an inappropriate way of comparing 
results of different studies. Love (1977) demonstrated that, with his set of data, “o  very 
nearly increases with L2” and that using the quadratic form of the equation would yield 
errors greater than 2 dB only when the fish presented their tails to the transducer. Foote 
(1987) and MacLennan and Simmonds (1992) reasoned that, for comparison purposes, 
and for simplicity’s sake it is advantageous to use the simplified model
TS = 20 logio Length + B (2)
without, however, refusing that non-forced regressions may be more appropriate to 
analyze new sets of data.
In summary, Love’s equation, both in its generalized (1) and in the simplified 
form (2), is an adequate starting point for new studies of the TS of species and areas for 
which there are no published results. It is also noteworthy to stress that all latest 
reviews used the accepted model to compare measurements taken by different methods, 
direct and indirect, as well as theoretical calculations of the TS of fish.
4. Matching TS Distributions with the Length Composition of Identification 
Catches
The comparison between TS distributions and the size distribution of samples 
taken by other sampling gear and believed to be representative of the same fish
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population is a not a new approach. Tanaka and Ou (1977) presented a comparison of 
the TS distribution derived from acoustic data collected during night surveys of a lake in 
Japan, with the size composition of fish sampled from an angling commercial fishery in 
the same lake. However, the equation between TS and fish size they used had been 
earlier proposed by Haslett (1964), based in tethered fish measurements. The first 
estimated relationships between in situ TS distributions and fish length distributions 
obtained from identification trawl hauls were reported by Robinson (1983) and by 
Lindem (1983). MacLennan and Simmonds (1992) reproduced several examples of 
comparisons with indications of success in identifying TS modes and relating them to 
average fish sizes. In one case (MacLennan and Forbes 1987), there is even an 
indication of modes in the echo-distribution produced by two different species, but there 
was no attempt to match them with fish length measurements. MacLennan and 
Simmonds (1992) noted ‘T he best conditions for in situ TS measurements occur when 
the observed fish are homogenous, consisting of one year-class of one species...” 
Therefore, the study of the contribution of different species in a TS distribution, based 
on the species and size composition of identification catches alone has never been 
reported to date.
Length distributions of fish samples are known to be either normal or composed 
of overlapping normal distributions (Sparre and Venema 1992), such that the parameters 
of the respective probability distribution functions (pdf) can be estimated with a known 
degree of confidence. If we take into consideration all the different factors described 
above, we understand that TS distributions of fish populations are difficult to ascertain,
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and most authors refrain from discussing the pdf of echo-distributions. An exception to 
this rule was the study by MacLennan and Menz (1996) who proposed an iteration 
procedure based in a transformation of the Rayleigh distribution that is known to 
describe the pdf of the echo amplitudes produced by a random statistical population of 
targets. Usually, this special distribution is taken into account only to correct echo- 
integration values in cases when there is a significant probability of encountering 
multiple echoes (MacLennan and Simmonds 1992). Furthermore, Ehrenberg (1983a) 
stated that the assumptions behind the Rayleigh theory are best satisfied when the ratio 
of target size to acoustic wavelength is large, which is not usually the case at the 
frequencies most used in hydroacoustic surveys as shown by Love (1977). Therefore, 
we may say that the application o f the Rayleigh distribution at these ranges of operation 
is not defensible.
Target strength is the log-transformation of a  corresponding to a spherical 
surface reflecting the sound wave incident on a fish. If this “surface” were a plain 
square function of the fish length, its iog-distribution would be log-normal. This would 
happen only if all and every fish had the swimbladder and the other tissues that 
contribute to the echo in the same condition, and were all in the same position relative 
to the axis of the acoustic beam. However, the studies already published on fish aspect 
and reaction allow us to believe that rarely a live fish in natural conditions will produce 
the maximum theoretical echo-strength possible according to its size and type of 
swimbladder, if it exists.
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Therefore, if we think of a population of fish of different sizes scattered at night, 
we can assume that the echo-distribution of these fish will be much wider than the one 
that could be calculated only judging from their sizes. And if the sample obtained is 
large, the normal distribution can be used to estimate the parameters of its pdf. This is 
the main assumption adopted in this dissertation, that the TS distribution obtained 
during echo-sounding of a scattered fish population can be described by either one 
normal distribution, or by a number of overlapping normal distributions. Furthermore, 
considering the factors discussed in the previous sections, we can hypothesize that the 
each normal component of a TS distribution corresponds to a discrete statistical 
populations of fish that produce echoes with the same characteristics, such as a year- 
class o f a single fish species.
In order to match the echo- and size-distributions derived from parallel 
hydroacoustic and trawl samples, Lindem (1983) and Paula e Silva (1987) used a “seed” 
6 value from the simplified Love’s equation to convert the size distribution of the 
identification catches into a logarithmic scale, and proceeded to compare the two 
distributions: if their aspect was similar, then their midpoints were used to estimate the 
appropriate B value for each case. This method, however, introduces an intermediate 
step and produces a third distribution that can only confuse both the researchers and the 
readers.
As an alternative, the approach considered in the present dissertation consists in 
directly comparing the composite TS and length distributions, and calculating the value 
of B for the different components identified in each one. The hypothesis to be tested in
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this dissertation is that, provided that a particular hydroacoustic and trawl sample 
yielded a stable size-distribution of the fish species present in the area and a stable TS- 
distribution of individual echoes, the match of the mean values of normal components 
o f each distribution can be achieved, with a B value that can be compared with 
published results for similar species.
Further evidence that the matching of the different components was successful 
can be found when calculating the “parallel” regressions, both forced through a slope of 
m=20 and unrestricted, of the pairs of means obtained for the same species, sampled in 
similar conditions. These regression equations can then be compared both with the 
individual B values previously calculated and with similar empirical relationships 
already published for species with similar characteristics.
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MATERIALS AND METHODS
1. Surveys o f the “Latent Pelagic Fish Resources of the Gulf of Mexico”
The data used in this study consists of biological, acoustic and environmental 
observations taken during two surveys for small pelagic fish in the northern Gulf of 
Mexico (GoM,) cruises 92/06 (51) and 93/07 (58) of the NOAA Ship “Chapman”, 
performed between October 8 and November 20, 1992, and October 7 and November 
20, 1993 (Gledhill 1993; Grace 1993.) These surveys, conducted under the “Small 
Pelagics Research Program” of NMFS, were planned with a systematic sampling grid, 
with transect lines following lines of longitude or latitude (in the western part of the 
GoM) approximately 30 nautical miles apart, covering the continental shelf, between the 
50 meters and the 300 meters isobaths, and between 85°00’W and 96°00’W. The 
positions and results of the fishing stations performed over the hydroacoustic transects 
during these surveys are shown in Appendix I as Tables 1-1 (1992) and 1-2 (1993).
Bottom trawl stations sampled for 30 minutes were randomly spaced along the 
transect lines and conducted during day-time hours. At night, mid-water identification 
trawl hauls were also performed. Two types of trawl gear were used: a Shuman bottom 
trawl (with a 123’ or approximately 37 m headrope, and 1.25” or 31.75 mm mesh size at 
the cod-end;) and a Shuman 68 x 354 cm semipelagic trawl (with a 0.25” or 6.35 mm 
liner inside the codend.) The whole catch was weighed and sorted by species. Samples 
of all species (50 individuals or the whole catch or sub-sample) were measured and sex 
and maturity determined.
20
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Temperature profiles were taken at each trawl location, using either a CTD or an 
STD. Nisskin bottle casts were also conducted to collect mid and bottom water samples 
for measurement of dissolved oxygen. Samples of water were collected from the 
surface and from the Nisskin bottles at least once a day to measure salinity. Surface 
chlorophyll samples were taken at each trawl location. All acoustic, environmental and 
biological observations were labelled reflecting the exact position and time of 
collection.
Along each transect line, a v-fin with two dual-beam transducers (38 kHz and 
120 kHz) was towed at a speed of 6 knots or approximately 11 km/h. Each transect line 
was usually surveyed twice, during daylight and during night-time hours. Acoustic 
signals were generated and received by a Biosonics Model 102 scientific sounder with 
the transmit power and the receiver gain set at 0 dB, and a transmission rate of one pulse 
per second. The acoustic data were processed by the Biosonics ESP echo-integrator and 
dual-beam processor in real time (Biosonics 1991.) Acoustic data were not collected 
during fishing stations. Digital audio tapes with the single target data treated with a 40 
log R time varied gain (TVG) were retained for reprocessing, if necessary.
The data generated in each cruise were organized in different files. Usually 
these files were in the DBF format, except for the acoustic data from the 1992 cruise, 
which were digital files generated by the Biosonics-ESP system. Data relating to the 
ship's operations including catches were grouped in the following files: STATCARD, 
with the identification of the vessel, cruise number, statistical area and time zone, 
information about the starting and ending positions of the vessel at each fishing station,
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including its number, date and times, geographical coordinates, depth (in fathoms,) and 
gear used, as well as atmospheric observations: air and sea-surface temperature, 
atmospheric pressure, sea state, wind, and waves. BINVRWK included data for each 
station number on the vessel, cruise, faunal zone, gear size (headrope length, in feet) 
and mesh size (of the codend, in inches,) bottom type, and the catch, total and divided 
by finfish, crustaceans and “other”. CATCH contained information on species caught in 
number and weight (kg) and featured also the station number, starting and ending 
positions (although in a different format from the STATCARD file,) gear type, and a 
very important item, "comment" that included measurements taken from the net-sonde 
on the opening of the mid-water trawl and its position in the water column (in fathoms,) 
and in the case o f the 1993 cruise, corrections about bottom depth information. 
BGSRWK had, for each species caught, information about the vessel, cruise and station 
number, as well as the number and weight caught and sampled, and the existence of 
“young-of-the-year” in the catch. GENLFRWK included the individual length 
measurements (in mm,) and sex and maturity observations, with indication of the vessel, 
cruise number, and station number.
Therefore, in order to get each of the tables presented, several data sets had to be 
combined. For instance, to calculate the length frequency distributions of the species 
caught in a density manner, the length measurements from GENLFRWK, had to be 
combined with the total catch of each species from CATCH, with start and end 
positions from STATCARD, and with the trawl opening measurements that were 
grouped in a new data set (NETSPRD) based on the “comment” in CATCH. Length
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measurements were grouped in 0.5 cm classes (the lower limit of the class was used to 
construct the histograms.)
The acoustic data were organized in two types of files: *.DAT files that included 
information on each target detected, including the date and time at which they were 
recorded (“reports”, usually a 4-minute interval, but depending upon the number of 
single targets detected,) depth and strata, peak, half-, quarter- and eighth-amplitude 
measurements, in the narrow and the wide beam, and the TS and a  of each target. The 
*.INT files included the echo-integration data, including the date, time and geographical 
coordinates for each “report” (these “reports” did not coincide with the *.DAT files) 
and, for each 6-meter strata previously defined, the number of pings that had “missed” 
the bottom parameters, and the relative and “absolute” density estimates; however, these 
estimates had not been weighed with the average a- Each file of either type included 
information of a whole transect.
The digital files had first to be converted into *.DBF files, using the Biosonics 
ESP-VIEW program (Biosonics 1990.) This procedure could be done for each “run”, a 
period that ended in a “soft-crash” of the recording program, therefore without any 
meaning; or when the system was turned off by the scientist in charge, for example, at 
the end o f a day-time or night-time transect. Different runs could also be pooled 
together in the same DBF file. The DBF files were converted into SAS data sets by the 
SAS program (SAS Institute 1989, 1990.) To select the data corresponding to each 
fishing station the echo-integration data sets had to be combined with the CATCH 
file. Echo-integration data was selected within 2 minutes of latitude and of longitude of
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the fishing station. These could not always be done, since the fishing stations were 
sometimes conducted up to 5 nautical miles from the acoustic transect line. These 
“near-station” echo-integration data sets were then combined with the TS files and the 
actual targets corresponding to a “near-station” sampling period were selected according 
to the echo-integration record times.
Single-target measurements were first corrected for noise and position in the acoustic 
beam, after being combined with the echo-sounder’s calibration data, which had been 
compiled from a separate report in a SAS data set, and the average a  calculated for each 
stratum and “report”. This alternative processing of the dual-beam data was performed 
following the advice and sample programs provided by Gledhill (pers. comm..) The 
average a  was used to calculate the absolute density of single targets in each stratum 
and report period. Finally, the frequency distribution of targets in one or two dB 
intervals was calculated and corrected by the respective density. These target-strength 
distributions were compared with the size distributions of the fish caught in each 
station.
2. “Experimental Fishing for Anchovy” (NORAD/Mozambique Project)
Data from two acoustic surveys for small pelagic fish from the Sofala Bank, 
central Mozambique, conducted in September, 1986 and February-March, 1987, with 
the seiner “Atl0y Viking” were also analyzed. These surveys consisted of a grid of 45 
stations approximately 15 nautical miles apart (Tables 1-3 and 1-4 in Appendix I.) At 
each station, with 30 minute duration, a v-fin with a 70 kHz transducer was towed at the 
bow of the ship and at a depth of 3-5 meters, at the same time as a pelagic trawl haul
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was done. The catch was analyzed in a similar manner as described above for the Gulf 
of Mexico’s surveys. All data were collected during night-time hours.
The acoustic signals were generated and received by a Simrad EY-M scientific 
sounder, with the transmit power set at 0 dB. The receiver gain was set in position 8 
and the echoes, collected with a 40 log R TVG, were recorded in analog audio-tapes at a 
-3 dB level, to avoid saturation of the recording. Each recording started with the 
“calibration signal” generated by the echosounder. At the beginning of each survey, or 
when batteries or other settings were changed in the acoustic gear, a recording was done 
of a standard target, a copper sphere with -39.2 dB suspended 5 meters under the 
transducer; Foote (1981) warned that an error of + 1 dB might be expected by doing this 
calibration in sea water. The echo-signals were later digitized and processed for target 
strength and echo-integration analysis at the University of Oslo. The rationale behind 
this processing is documented in Lindem (1983) and is a modification of the Craig and 
Forbes (1969) indirect extraction technique.
Spreadsheet files were developed for each survey including the catch in number 
and weight for each species, as well as with the fish length measurements together with 
the weight of each sample. The acoustic data, which was produced in computer sheets 
with information about the number of transmissions analyzed, the number of single 
targets used in the analysis, the integrals of single-fish and schools, and the echo- 
distributions with the numbers of single targets and the estimated number of fish per 
hectare in 2 dB intervals, and by 10-20 meter strata, were also recorded in spreadsheets 
for each survey.
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3. Matching TS Distributions with the Length Composition of Identification 
Catches
In the analysis of the GoM data, mid-water trawl samples were given priority in 
processing, since they had been performed at night, usually as a result of noticing in the 
research vessel’s echo-sounders a regular scattering layer with a large number of 
individual echoes. Bottom trawl catches were also scrutinized, not only because there 
were few mid-water hauls, but also because some pelagic species concentrate near the 
sea-bed during day-time. This would pose difficulties due to the large number of 
demersal species in the catch that “shadowed” the real proportion of pelagics in the 
system, and also due to the uncertainty about where in the water column the pelagic 
species would move at night. In order to get an acoustic sample as close as possible in 
time and location to the trawl samples, a section of the night transect of one hour of 
duration, within some five km o f the trawl haul position, was extracted as described in 
Section I in this Chapter. From these sections the TS-distribution was calculated for all 
strata for which there were single echoes available; later the strata corresponding to the 
position of the trawl in the water column were selected, or pooled in order to obtain a 
stable echo-distribution.
In the Mozambique surveys, all acoustic samples had been taken at the same 
time as the trawl catches, so there was no need to scrutinize the samples that could be 
matched. However, as a result o f the simultaneous deployment of the acoustic and the 
trawl gear, acoustic noise prevented many acoustic sections to be processed. On the 
other hand, very small or null catches were frequent, as shown in Appendix I, and this 
caused many stations to present unstable length-distributions with very few individuals.
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Due to the fact that many stations were conducted on vary shallow waters, demersal 
species were also often present in the catches, which made the matching procedure more 
difficult or impossible.
The next step in the method consisted of calculating the normal distributions that 
composed each stations’ size- and echo-distribution using the Bhattacharya (1967) 
method. This method is based in the realization that the logarithms o f the differences 
(logdif) o f frequencies in adjacent classes in a frequency distribution with a normal 
probability distribution function (pdf) appear in a straight line when plotted against the 
original class mid-values. If the logdif values are the vertical axis and the normal 
variable the x-axis, the line is descending and crosses the origin at the mean of the 
distribution. In a compound distribution, the plot of logdifs shows a succession of 
descending straight lines. The points belonging to the first straight are regressed and the 
corresponding predicted points are de-logarithmized and, starting with the first point of 
the original distribution, used to calculate the frequencies of the first normal. Then, 
these calculated frequencies are subtracted from the original ones and the process 
repeated until no more classes are left that can be used to calculate a normal 
distribution. The calculated frequencies of each normal distribution are finally used to 
calculate the parameters of the respective pdf. This method is widely used in length- 
based fish stock assessment methods and is included in programs written in Basic, such 
as “Elefan” (Pauly 1987) and LFSA (Sparre 1987,) but these programs require the data 
to be entered in a standardized format; therefore, a set of programs were written in SAS
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language for processing of length as well as of acoustic data by the Bhattacharya method 
(Appendix n.)
What follows is the final matching of the two samples: the value o f B in the 
simplified equation TS = 20 x logio Length - B was calculated by substituting TS and 
Length by the modes of the normal distributions identified in the two samples. 
Whenever the B value thus calculated was close (within 2-3 dB) to similar values in the 
literature for the group of species concerned, the modes and the mean values of the 
distributions with which that value was calculated were retained as a point of an 
empirical relationship to be fitted for that species; when calculating the mean of a TS- 
distribution, the target strength values were first converted into o (the “intensity 
regime:” MacCartney and Stubbs 1971.) In some cases very few individuals of a 
particular species had been caught in a station, but their sizes were well differentiated 
from the dominant species and it was still possible to calculate a B value for that sample; 
in these cases that value was considered a preliminary estimate and eventually used 
when other close values were calculated for that species.
This relationship between TS and length was then calculated by regressing these 
points in two fashions, by forcing the regression through a slope of 20, and calculating 
the estimated value of the slope m in the generalized equation; separate regression lines 
were fit for the means and for the modes of the TS- and length-distributions. The 
resulting equations were considered acceptable whenever their parameters were within 
the ranges mentioned in the literature for similar species; special attention was given to
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the 6 values obtained in the restricted regressions, since more information exists in the 
literature in the form of the simplified Love’s equation.
Analysis of co-variance (ANCOVA) was performed to compare the different 
models and test the hypothesis of no difference between the slopes and the intercepts of 
the unrestricted models. Finally, the residuals from the models were tested for 
normality, using the Wilkinson test (Steel, Torrie, and Dickey 1997.)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
RESULTS
Presented below are the results of the first trial on identifying the different 
species represented in the output of acoustic sampling of multi-species pelagic 
environments, the Gulf of Mexico (GoM) and the Sofala Bank, off Mozambique, 
western Indian Ocean, by direct comparison of the distribution o f target strengths with 
the size-distribution of the fish caught by identification trawling. The contribution of 
several species to the total echo-distribution was possible to identify in selected stations 
sampled during two hydroacoustic and trawl surveys for small pelagic species in the 
GoM and two surveys in the Sofala Bank. Furthermore, the first equations relating fish 
size and target strength were derived for six fish species from the northern GoM and for 
two species from the western Indian Ocean.
From the October-November 1992 survey of the GoM, eight stations were 
selected and analysed; in all o f them it was possible to identify normal echo- 
distributions that matched the size-distributions of individual fish species, or at least to 
obtain a preliminary match based in a small number of individuals. For six species, 
namely the round herring, Etrumeus teres, the Gulf butterfish, Peprilus burti, the 
lizardfish, Saurida brasiliensis, the rough scad, Trachurus lathami, the chub mackerel, 
Scomber japonicus, and the bigeye scad, Selar crumenophtalmus, at least three matches
30
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were acquired and their fit to the Love’s equation was tested. This analysis led to the 
adoption of equations relating fish size and target strength for three fish species from 
the northern Gulf of Mexico, the round herring, the Gulf butterfish, and the chub 
mackerel.
From the 1993 survey of the GoM, five stations were analysed and from each 
positive matches between size- and echo-distributions were identified for individual fish 
species. Tests of fitness to the Love’s equation were performed with these data points 
for the following species: round herring, Gulf butterfish and rough scad. For four other 
species, a species of Myctophid, the chub mackerel, the puffer, Lagodon rombhoides, 
and the lizardfish, only one pair of matches was obtained.
Subsequently, the matches from the two surveys of the Gulf of Mexico were 
pooled and the resulting data, including some of the individual points obtained in the 
1993 survey, were again tested for their fit to Love’s equation, for statistical differences 
between the specific equations, and for normality o f the underlying populations. This 
analysis permitted to conclude that the equations presented relating fish size and target 
strength for the three species identified from the 1992 survey are statistically robust and 
can be used in further hydroacoustic studies of these species.
From the Sofala Bank surveys of 1986 and 1987, eight stations were selected 
and from each it was possible to identify at least a tentative match of an individual 
species’ size- and echo-distributions. However, for the dominant species that had been 
considered the main object of the surveys, the small anchovies, most of the attempted 
matches were rejected. The five positive matches achieved for the Indian pellona,
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Pellona ditchella, were tested for their fit to the Love’s equation and this resulted in the 
adoption of an equation relating length and target strength for this Indo-Pacific clupeid. 
A positive match was also found for the round herring, Etrumeus teres, believed to be 
the same species identified in the GoM, and this data point fitted well together with the 
results obtained for this species from the GoM. Furthermore, preliminary estimates of 
the possible relationship between fish length and target strength were retained as basis 
for further studies for five other Indo-Pacific species, namely Indian scad, Decapterus 
russelli, orangemouth thryssa, Thryssa vitrirostris, buccaneer anchovy, Encrasicholina 
punctifer, glass anchovy, E. heteroloba, and Indian anchovy, Stolephorus waitei.
1. Selection of Stations with Adequate Data to Attempt the Method of 
Matching Target Strength Distributions with the Species and Size 
Composition of Identification Catches
Prior to analyzing the data for this study it was necessary to select stations that 
met certain criteria in order to avoid the analysis of stations with insufficient 
information. The first criterion was that there be night-time acoustic data, when most 
small pelagic species are scattered in mid-water and there are less possibilities of 
encountering multiple echoes. The second criterion was that the acoustic data had been 
collected within a radius of 2.5 nautical miles (approximately five km) of the location 
where the identification catch was performed; this distance was considered the acoustic 
sampling unit for a sampling speed of 6 knots (approximately 11 km per hour) and a 
mean depth o f 100 m. In addition to the “space” criterion, time was also considered and 
stations when the biological sampling had been conducted more then 12 hours apart 
from the acoustic sampling were not considered. Therefore, mid-water trawl stations
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were given priority, since they had been conducted at night and usually as a result o f 
noticing a particular pattern in preceding echograms, such as a concentration of echoes 
of the same size that could possibly have been caused by a homogenous fish population. 
The criteria for selection of stations were not applied to the Mozambique surveys, as 
biological and acoustic sampling were always done at the same time. However, as a 
result of this simultaneous sampling, acoustic noise prevented the use of acoustic data 
from many stations from the Mozambique surveys.
The “best case” scenario is a station in which the size and target strength 
distributions of a sample present a small number of species and their sizes and target 
strengths are perfectly separated. Therefore, stations with a minimum number o f 
species were given priority in the analysis.
Finally, the number of single-echoes recorded should be sufficient to produce a 
stable distribution, specially in the strata corresponding to the depth sampled by the 
trawl. It was difficult to find many stations with these characteristics and, for this 
reason, the number of stations used in the present study were eight from the 1992 and 
five from the 1993 surveys of the GoM and eight stations from the two surveys of the 
Sofala Bank.
2. Development of Programs to Decompose Target Strength and Size 
Distributions in Normal Components
The first step in the analysis of each station was the decomposition of each 
distribution, both the size composition of the catch and the echo-distribution obtained in 
the same location, into their Gaussian components. This was accomplished by applying 
the method designed by Bhattacharya (1967) which was briefly outlined in section 3 of
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Materials and Methods. This method has been widely used in length-based methods of 
fish stock assessment (Sparre 1987,) but was never applied to TS distributions and the 
computer programs available for its use do not accept logarithmic units. For this 
reason, SAS programs were developed to process the data included in this dissertation 
and these programs can be considered for dissemination throughout the scientific 
community. The complete listing of these programs is included in Appendix II.
The first program (BHAT_1) builds a SAS data set with the original distribution and the 
logarithm of the differences of the frequencies o f adjacent classes (logdif,) and produces 
the plot of these differences (bhatplot.) As explained before, each normal component of 
the original distribution appears as a descending line in the plot. The second program 
(BHAT_2) calculates the predicted values of logdif, by means of a linear regression, 
and produces another plot that allows to inspect the fit of the regression. The third 
program (BHAT_3) backcalculates the predicted frequencies for the first Gaussian 
component o f the original distribution. The fourth program (BHAT_4) draws the curve 
corresponding to the calculated frequencies over the original histogram; this is another 
way of inspecting how the new frequencies fit the original data. This is necessary 
because the break-up between two adjacent descending lines in the bhatplot may not be 
completely evident. If the curve drawn in BHAT_4 does not appear to fit the original 
frequencies, the analyst should go back to BHAT_2 and select a new set of logdifs, 
either including or excluding some of the extreme values. In case the plot produced in 
BHAT_4 appears reasonable, one can proceed with BHAT_5 that subtracts the new 
frequencies from the original ones, producing another data set that can be analyzed by
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the same method. Included in BHAT_4 are instructions to include both the frequencies 
calculated for the first and the second component as separate curves over the original 
histogram. The results of the use of these programs, showing the different normal 
components of size- and echo-distributions, were included in the figures presenting the 
data from the stations analyzed (Figures 1 to 13.)
3. Discrimination o f Species in Selected Stations of two Hydroacoustic and 
Trawl Surveys in the Gulf of Mexico
Successful identification of the dominant species represented in the catches was 
achieved in eight stations of the 1992 survey, as well as in five stations of the 1993 
survey. Evidence that the species had been successfully identified was found when the 
P coefficient of the simplified Love S equation calculated with each pair of TS and 
length distributions was found to be close to the values found in the literature for similar 
species. A description of the findings for each station is given below.
Station no. 3/92 can be considered near to a "best case" (Fig. I.) The mid-water 
trawl haul was taken during night-time (20:18,) probably a few minutes after a well 
defined scattering layer had been detected in the survey vessel's echosounders; the echo- 
sample used was recorded between 22:02 and 22:59.
The catch was composed of three species, the round herring, Etrumeus teres, 
with 847 individuals representing 84.9% of the total number of fish caught, an 
unidentified species of squid of the genus Loligo (14.9%,) and two specimens of bigeye 
scad, Selar crumenophthalmus (0.2%.) The three species were well separated in size, 
which is an ideal situation if we want to compare the catch with the echo-sample. 
Finally, the echo-distribution showed three well defined modes.
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The value o f (3 found when substituting the mean values of the normal 
distributions corresponding to the size-distribution of E. teres and the main mode of the 
TS-distribution (marked a in Fig. 1) was -70.52, which is an acceptable value when 
compared with values found in the literature. However, when applying the same 
procedure to the means of the distributions marked b in Fig. 1-1, a value of -68.88 was 
calculated, which is almost 3 dB lower than the value found for the main mode of the 
same species. Therefore, this match was discarded and it was assumed that the normal 
distribution corresponding to the main mode of the echo-distribution included all the 
round herring present in the area.
Etnuiteus
-55 -53 -51 -49 -47 -45 -43 -41 2 3 4 5 6 7 8 9 10111213141516
dB (lower limit) cm (lower limit)
Fig. 1 - Histograms of the echoes (I) and o f the species and size composition of the 
catch (II) in station no. 3 of the Gulf of Mexico 1992 survey of small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
For the two other species present in the catch only preliminary values could be
extracted due to the small numbers involved; in the case of the squids, the number of
individual echoes detected was very small; in the case of the bigeye scad the catch was
composed of only two individuals. The value of (3 obtained by applying the simplified
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Love’s equation to the mean length of the squids equalled -64.74 which was considered 
too high for an animal without a swimbladder. For bigeye scad, the value o f P found 
when matching the mean-size of the two individuals caught with the mean o f  the echo- 
distribution marked b in Fig 1-1 was -69.72; when the value of the third mode (c) was 
used, an index of -66.72 was obtained, which is comparable with results published for 
similar species and was thus preliminary accepted. The summary of this analysis is 
presented in Table 1 below.
Table 1 - Discrimination of species in station no. 3 of the 1992 Gulf of Mexico survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the P coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
catch sample
E. teres (a) 848 84.80 12.25 39 68.42 -48.5 -70.26 Adopted
f t  t t (b) 14.75 11 22.81 -45.5 -68.87 Rejected
Loligo sp. (c) 150 15.00 3.00 1 0.02 -54.5 -64.04 Rejected
S. crumen. (b) 2 0.20 16.25 11 22.81 -45.5 -69.72 Prelim, est.
In station no. 10/92, also a night-time mid-water trawl, about 62% o f the catch 
was composed by the gulf butterfish, Peprilus burti, with a size-distribution featuring 
two modes (Fig 2-II.) The remaining of the catch in station no. 10/92 was a  mix of six 
species with sizes well under those of the butterfish; among these, Synagrops sp. was 
the only one with a stable size-distribution, as shown in Fig. 2-II. In the corresponding 
TS distribution, four normal components were identified (Fig. 2-1.)
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Fig. 2 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 10 of the Gulf of Mexico 1992 survey of small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
When calculating the (3 coefficient using the largest modes of the TS distribution 
and the modes of the butterfish size distribution, values of -68.72 and -67.84 were 
obtained. These values are both of the same order of magnitude as those found in the 
literature for fishes with a closed swimbladder, therefore they were preliminarily 
accepted; furthermore, the numbers corresponding to these distributions were also 
similar (Table 2.) For the smaller size modes, a match was attempted using the modal 
size of Synagrops sp. and the value of (3 calculated was -63.90. Synagrops is a 
mesopelagic genus with a robust body and believed to possess a closed swimbladder 
allowing it to perform the wide vertical migrations typical of these fishes. Since the TS 
distribution used was based in a very small number of echoes, the value calculated was 
also retained as a preliminary estimate of the TS-length relationship for this species. 
For the larger TS values, there were no species in the catch that allowed a further 
estimate of (3; in this case, it was assumed, also preliminarily, that this mode 
corresponds to multiple echoes.
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Table 2 - Discrimination o f species in station no. 10 of the 1992 Gulf of Mexico survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the P coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Species
Trawl sample 
n % in 
catch
Mode
Acoustic sample 
n % in Mode Index Comments 
sample
P. burti (a) 130 35.73 16.25 54 29.83 -44.5 -68.72 Adopted
f t  t t (b) 112 26.16 18.50 42 23.2 -42.5 -67.84 Adopted
Synagr. (c) 28 9.85 5.25 -49.5 -63.90 Prelim, est.
Station no. 14/92 was also a mid-water trawl where the catch was composed of 
seven species, with E. teres dominating and again showing a bimodal size distribution 
(Fig. 3-H.) The p values calculated with these modes and the main components of the 
TS distribution corresponding to the individual echoes detected between 50 and 74 m of 
depth were strikingly similar: -70.18 and -70.14. Furthermore, these values are 
comparable to the value calculated for this species in station no. 3/92.
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Fig. 3 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 14 of the Gulf of Mexico 1992 survey of small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
For the remaining catch, an index was calculated matching the smaller TS mode 
with the modal size of Saurida brasiliensis, the next most abundant species; this is a
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robust bodied bottom fish common in mid-water catches, therefore believed to possess a
closed swimbladder. The value calculated, -70.19, was considered a preliminary
estimate, since no references were found in the literature about this or similar species.
Two distributions were present in the right side of the TS distribution and an attempt
was made o f matching them with the two specimens o f chub mackerel (Scomber
japonicus) from the trawl catch. The p value calculated with the -41 dB mode was -
67.74 which was considered too high for a slender fish, even if possesses a
swimbladder. Using the normal component marked with a magenta line in Fig. 3-H
the index dropped to -70.74 and was retained as a preliminary match for this species.
Another attempt was made of matching these modal TS values with the mode of the few
specimens o f Ariomma bondi caught; the P value calculated was equal to -68.72 and,
since this species is also a robust fish, this value was also preliminary accepted. The
numbers corresponding to these different matches are presented in Table 3 below.
Table 3 - Discrimination of species in station no. 14 of the 1992 Gulf of Mexico survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the p coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Species
Trawl sample 
n % in 
catch
Mode n
Acoustic sample 
% in Mode Index 
sample
Comments
E. teres (a) 623 50.69 12.25 97 43.89 -48.5 -70.26 Adopted
t t  t« (b) 157 10.70 15.25 93 42.08 -46.5 -70.16 Adopted
S. brasil. (c) 122 10.04 7.75 8 3.62 -52.5 -70.29 Prelim, est.
S. japon. 2 0.05 20.5 -41.5 -67.74 Rejected
t t  i f -44.5 -70.74 Prelim, est.
A. bondi 18 1.81 16.25 -44.5 -68.72 Prelim, est.
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In station no. 21/92, a catch composed of about 75% bigeye scad, Selar 
crumenophthalmus, was obtained in a bottom trawl haul, at 93 m o f depth, as 
represented in Fig. 4-0, together with some of the other species caught and their size 
distributions. In the corresponding section of the night-transect individual echoes were 
only available for the layers until 58 m deep. When matching the mode of the total TS- 
distribution (Fig. 4-1) with the modal size of S. crumenophthalmus, a value of P = 
-75.13 was obtained, which was much smaller than the value calculated for this species 
in station no. 3/92. Therefore, this match was not accepted and a hypothesis for 
explaining this TS distribution could be that the bigeye scad did not scatter in layers 
more than 30 m above the bottom, and that the individual echoes detected might have 
been produced by other species. A similar result was reached when trying to match the 
TS modes with the modal size o f S. brasiliensis (Table 4.) In the case o f E. teres, 
however, an acceptable match was derived, although the P value obtained is one decibel 
smaller than the values calculated for previous stations.
•^E . teres 
jBS.brasii.
I ■  Selar crumen.
-54 -52 -50 -48 -46 -44 -42 10 12 14 16 18 20  22 24 26  28 30
dB (lower limit) cm (lower limit)
rig . 4 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 21 of the Gulf of Mexico 1992 survey o f small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
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Table 4 - Discrimination of species in station no. 21 of the 1992 Gulf of Mexico survey. 
Numbers and proportions of the different components o f the size- and echo- 
distributions; “Index" refers to the (3 coefficient of the simplified Love's equation (TS = 
20 log Length - (3;) the small-case letters in parenthesis refer to the modes represented in 
the corresponding figure.
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
catch sample
S. crumen. (a) 3118 75.22 20.25 660 100.00 -49.0 -75.13 Rejected
E. teres (b) 281 6.78 13.75 -49.0 -71.77 Adopted
S. brasiliensis (c) 232 5.70 29.25 660 -49.0 -78.32 Rejected
Station no. 22/92 was a mid-water trawl, performed approximately five nautical 
miles from the previous one, and yielded totally different results. The catch was 
composed of approximately 40% in number chub mackerel, Scomber japonicus, 45% 
rough scad, Trachurus latham, and 7% butterfish, Peprilus burti, with well separated 
size distributions (Fig. 5-1.)
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Fig. 5 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 22 of the Gulf o f Mexico 1992 survey o f small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
When matching the modal sizes of these species with the mode of the TS- 
distribution, the results obtained showed that some of these species can be identified in 
the TS distribution but they are not separated enough to assign a number of echoes to
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each. For the rough scad, the index calculated matching its modal size with the mode of 
the TS distribution was -69.44 which is of the same order of that calculated for the 
bigeye scad (Table 4, above,) a species with similar body characteristics. The modal 
size of the butterfish, close to that of the rough scad, was also matched with the mode of 
the TS distribution and yielded an index of and -70.94 which is two dB smaller than the 
previous estimate (Table 2) and was thus kept as a tentative match for further analysis. 
For the chub mackerel a p value of -74.69 was found, which was considered small for 
this species The results of the calculations performed with the TS and size distributions 
of this station are presented in Table 5.
Station no. 40/92 also a bottom-trawl haul, yielded 88% of rough scad and only 
three other species, well separated in sizes (Fig. 6-II.) This station was conducted at a 
depth of 154 m and, from the night transect, only individual echoes from 8 to 38 m were 
available. The TS distribution showed four normal components (Fig. 6-1) and the match 
of the main modes of the two distributions yielded a value of -75.45 which was rejected 
as an unacceptable match for T. lathami.
Table 5 - Discrimination of species in station no. 22 of the 1992 Gulf of Mexico survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the p coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
catch sample
T. lathami (a) 149 41.92 13.25 172 24.50 -47.0 -69.44 Adopted
P. burti (a) 24 7.33 15.75 30 12.68 -47.0 -70.94 Prelim, est.
S. japon. (c) 132 29.87 24.25 30 12.68 -45.0 -72.69 Rejected
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Fig. 6 - Histograms of the echoes (I) and of the species and size composition o f the 
catch (II) in station no. 40 of the Gulf of Mexico 1992 survey of small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
The index calculated with the second largest TS mode (b) was only 2 dB higher, 
still very far from the values calculated above. The value of (3 calculated for the chub 
mackerel, which was also well represented in the catch, although with a stunted 
distribution, was also a very small value, except when the largest mode of the TS 
distribution was used (c = -44.5 dB); the value of P = -74.67 was retained as a 
preliminary estimate and the match tentatively accepted. For these reasons, the results 
shown in Table 6 are only tentative.
Table 6 - Tentative discrimination of species in station no. 40 of the 1992 Gulf of 
Mexico survey. Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the p coefficient o f the simplified Love’s equation 
(TS = 20 log Length - p;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Trawl sample 
Species n % in
catch
Mode
Acoustic sample 
n % in Mode Index 
sample
Comments
T. lathami (a x a) 
“ “ (a x b) 
S.japon. (b x c)
1155
1155
13
8.38
8.38 
2.03
22.25
22.25
32.25
430 55.70 
170 22.02 
22 2.85
-48.5 -75.44 
-46.5 -73.44 
-44.5 -74.67
Rejected 
Rejected 
Prelim, est.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
45
Stations nos. 42/92 and 43/92 were two mid-water trawl hauls taken over a 
depth of 83-89 m, about five nautical miles or nine km apart, and in which 
approximately 60% of the catch was composed of the Atlantic cutlassfish, Trichiurus 
lepturus, with S. brasiliensis, T. lathami and P. burti accounting for the remaining 40%. 
The cutlassfish sizes spread from six to 32 cm (snout-to-anus,) therefore masking the 
size-distributions of other species (Fig. 7-1, clear bars.) This species has a large 
swimbladder and therefore is expected to contribute significantly to the acoustic output. 
Although station no. 43/92 had been conducted approximately four nautical miles or 
seven km off the acoustic transect, which was closer to station no. 42/92, it was selected 
for the present analysis because when deleting the cutlassfish the remaining size 
distribution is clearly bimodal; however, the size distributions of rough scad and 
butterfish overlap. The nearest section of the night acoustic transect shows three well- 
defined modes (Fig. 7-H.) Acceptable values of P were found when matching the 
lizardfish size modes with the mode corresponding to the smaller echoes detected 
(-50.5 dB); when matching the butterfish’s and the rough scad’s modal sizes with the 
mode of the largest TS distribution again acceptable indices were calculated; the values 
obtained using the mode o f the TS distribution corresponding to the larger echoes (-44.5 
dB) for the bigeye scad and for the mackerel were also acceptable, although this 
calculation was based in single individuals. The index calculated with the modal size of 
the cutlassfish (15.25 cm) is smaller then should be expected (-72.16); when using the 
mean size (13.32 cm) the index rises to -71.0, still smaller than could be expected but 
retained as a preliminary estimate of the TS-Length relationship for this species. The 
results are presented in Table 7 below.
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Fig. 7 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 43 of the Gulf of Mexico 1992 survey of small pelagic fish.
Station no. 54/92 was a mid-water trawl haul taken over a depth of 42 m that
yielded a catch composed mainly of similar proportions (about 25% each) of gulf
butterfish, rough scad, and Atlantic threadfin herring, Opisthonema oglinum; chub
mackerel was also present in a wider range of sizes than in previous stations (Fig. 8-1.)
The net had been towing at a depth of 25 m but in the acoustic sample there were no
valid single echoes below 20 m; however, the TS distributions from the three upper
strata show a differential distribution of fish echoes (Fig. 8-II.)
Table 7 - Discrimination of species in station no. 43 of the 1992 Gulf of Mexico survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the P coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
__________________________catch______________ sample______________________
5. brasil. (a) 74 14.20 8.25 28 20.29 -50.5 -68.83 Prelim, est.
T. latha. (b x b) 29 5.57 14.25 72 52.17 -48.5 -71.58 Prelim, est.
P. burti (b x b) 40 7.68 13.25 72 52.17 -48.5 -70.94 Adopted
S. crumen. (c) 1 0.19 22.75 7 5.07 -44.5 -71.64 Prelim, est.
S. japon. (c) 1 0.19 29.75 7 5.07 -44.5 -73.97 Adopted
T. lepturus (b) 367 70.44 15.25 72 52.17 -48.5 -72.16 Prelim, est.
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Fig. 8 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 54 of the Gulf of Mexico 1992 survey of small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
When trying to match the species in the catch with the different components of
the TS distributions, the calculations of the P values showed that the rough scad, the
butterfish and the mackerel were only possible to match with the stronger echoes (-47.5)
that appeared on stratum 3; only the lizardfish mean length yielded acceptable values of
P when these were calculated with the largest TS modes in strata 2 and 3, and with the
secondary mode in stratum 1 (-50.5.) In previous stations, single echoes were vary rare
in stratum 1, but in this transect they showed an acceptable distribution; however, the
small intensities detected point to other kinds o f organisms then the species caught in
the trawl. The results for this station are summarized in Table 8 below.
Table 8 - Discrimination of species in station no. 54 of the 1992 Gulf of Mexico survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the p coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
__________________________ catch____________sample__________________________
S.brasil. (a) 32 11.63 7.75 36 6.43 -51.5 -69.29 Adopted
T. lathami (b) 104 37.83 14.75 82 12.77 -47.5 -70.88 Adopted
(Table Cont.)
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(Table 8 Cont.)
P .burti (b) 68 24.72 15.75 18 3.21 -47.5 -71.45 Adopted
S.japonicus (b) 16 3.36 22.75 18 3.21 -47.5 -74.64 Adopted
O. oglinum  (...) 50____ 16.67_______________________________________________
Station no. 19/93 was a mid-water trawl haul that yielded a catch composed of 
94% of round herring (Fig. 9.) The index calculated when matching the modal size of 
the herring with the mode of the TS distribution was similar to the values found for this 
species in the stations analyzed of the 1992 survey of the GoM. An attempt was made 
of matching the modal size of the few individuals of butterfish caught with the 
secondary mode in the TS distribution (-43 dB) but the resulting index was too high 
(-63.63); the index calculated with the main TS mode was smaller than previous 
estimates (-71.63,) but was retained as a preliminary value for this species during this 
survey. As in previous stations, the secondary mode in the TS distribution may be 
attributed either to larger fish that were not caught, or to multiple echoes. The results 
are shown in Table 9 below.
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Fig. 9 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 19 of the Gulf o f Mexico 1993 survey o f small pelagic fish.
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Table 9 - Discrimination o f species in station no. 19 of the 1993 Gulf of Mexico survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the p coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
catch sample
E. teres (a) 3536 94.1 9.75 130 70.27 -51.5 -70.78 Adopted
P. burti (a) 60 1.6 10.75 -51.5 -71.63 Adopted
Station no. 23/93 was a mid-water trawl haul conducted at a depth of 54 m over 
a bottom depth of 110-146 m and yielded about 80% of round herring and almost 20% 
of an unidentified myctophid and few specimens of driftfish and chub mackerel (Fig 10- 
II.) Individual echoes were obtained in the upper layers, until 26 m, and again from the 
strata between 62 and 80 m; this deeper sample was supposed to be best correlated with 
the trawl haul.
The modal size o f the herring produced an acceptable p value when matched 
with the secondary mode of the deeper stratum, as well as with the main mode of the 
14-20 m stratum (-49 dB.) The myctophids are mesopelagic fish and were not expected 
in the surface layers, but the index calculated with any o f the modes in the deeper 
stratum was a very high value (-66.79 or -62.79) and was rejected even as preliminary.
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Fig. 10 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 23 of the Gulf of Mexico 1993 survey of small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
The mean size of the two mackerels, on the other hand, yielded an acceptable
value only with the main mode of the deeper layer's echoes (-73.94.) Due to the large
differences in the TS distributions in each layer, only the herring can be considered a
real match; however, the results of the whole analysis are presented in Table 10 below.
Table 10 - Discrimination of species in station no. 23 of the 1993 Gulf of Mexico 
survey. Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the J3 coefficient of the simplified Love’s equation 
(TS = 20 log Length - (3;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
__________________________ catch____________ sample___________________________
E. teres (a) 999 79.79 11.25 5,480 90.23 -49.0 -70.02 Adopted
Myctophid (a) 243 19.41 7.75 -49.0 -66.79 Rejected
S. japonicus (b) 4_____ 0.32 28.0____ 52 9.77 -45.0 -73.94 Prelim, est.
Station 26/93 was also a bottom trawl haul in which 39% of the catch was
composed of the rough scad, 25% of the pinfish, Lagodon rhomboides, and 17% of the
gulf butterfish, although their size distributions largely overlap (Fig. 11-D.) A few other
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species (round scad, Decapterus punctatus, gulf herring, Harengula jaguana, and the 
chub mackerel) were also present in the catch but in small numbers.
900 1
800 
700
a ■  Decapterus
45 I I ■  Haregula
□  LagoJon
□  P.burti2 600 - 
$  500 - 
** 400 - 
Z  300 -
■  S.japonicus
■  T.latham
200  -  
100 - 
0 -
-56 -54 -52 -50 -48 -46 -44 -42 
dB (lower limit)
10 12 14 16 18 20 22 24 26 28 30 32 
cm (lower limit)
Fig. 11 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 26 of the Gulf of Mexico 1993 survey of small pelagic fish.
The corresponding echo-distribution obtained summing up all individual echoes 
from eight to 39 m is smooth presenting a well defined mode (Fig. 11-1.) This main 
mode, however, produces very low values of (3 when matched with the modal sizes of 
either of the main species in the catch. The results are shown in Table 11.
Station no. 30/93 was a mid-water haul conducted between 10 and 20 m above 
the bottom which stood at a depth of 60-80 m. Most of the catch was composed of 
three species, rough scad, gulf butterfish and round herring, but their sizes were mostly 
overlapping (Fig. 12-11.) Individual echoes were available until a depth of about 50 m 
and the surface strata featured a smooth distribution with the mode at smaller sizes than 
the deeper strata (Fig 12-1.) The index calculated with the modes of the herring and the 
butterfish and the TS mode o f the upper strata (-51 dB) was close to the values 
calculated earlier for these species.
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Table 11 - Discrimination of species in station no. 26 of the 1993 Gulf of Mexico 
survey. Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the p coefficient o f the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Species
Trawl sample 
n % in 
catch
Mode n % in 
sample
Acoustic sample 
Mode Index Comments
T. lathami 
P. burti 
L. rombh.
(a)
(a)
(b)
170
74
108
39.26
17.09
24.94
15.75
14.25
17.25
2310 92.77
180 7.23
-49.0 -72.95 
-49.0 -72.08 
-47.0 -71.74
Rejected 
Rejected 
Prelim, est.
2-20 m 
20-68 m
~  200 = 150 -
rr  1 0 0  -
-56 -54 -52 -50 -48 -46 -44 -42 
dB (lower limit)
0 *■
■  D.punctat
■  E. teres
□  L p ea  lei
□  P.burti
■  P.steam
■  S.brasil.
■  S.caprin.
□  T. latham
■  U.parvus
8 10 12 14
cm (lower limit)
Fig. 12 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 30 of the Gulf of Mexico 1993 survey of small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
For the rough scad, acceptable values were only found, for both modes, with the 
TS class marked -48 dB; this match was preliminarily accepted although it may not 
correspond to a defined normal distribution. No smaller TS modes were available to try 
a match with the smaller species present in the catch, the longfin squid and the 
lizardfish. The results are shown in Table 12, below.
Station 64/93 was conducted in conditions very similar to station no. 30/93, 
although at more than 200 nautical miles or 370 km to the east. The gulf butterfish 
comprised almost half of the catch, while lizardfish and squids made up most of the
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remaining; round herring and rough scad was caught only in traceable numbers (Fig. 
13-H.)
Table 12 - Discrimination of species in station no. 30 of the 1993 Gulf of 
Mexico survey. Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the p coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Species
Trawl sample 
n % in 
catch
Mode n % in 
sample
Acoustic sample 
Mode Index Comments
P.burti (a) 498 24.54 11.25 269
E. teres (a) 286 14.10 10.75
T. lathami (b) 440 21.69 13.25 144
" " (c) 359 17.69 15.25
31.61 -51.0 -70.02 Adopted 
-51.0 -70.02 Adopted 
16.92 -47.0 -69.44 Adopted 
_______-47.0 -70.66 Adopted
300 n
250 -
N°200
ech
o e s i5 0
■  8-26 m
■  26-50 m
□  50-100 m
□  100-150 m
100 J
50 i
-56 -54 -52 -50 -48 -46 -44 -42 -40 -38 
dB (lower limit)
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Fig. 13 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 30 of the Gulf of Mexico 1993 survey of small pelagic fish.
The echo-distribution (Fig. 13-1) shows three different normal patterns, each at a 
different strata, from 14 to 32 m; the remaining strata did not feature noticeable 
patterns. The two modes of the butterfish were matched with the two higher classes of 
the TS distribution from the 26-32 m stratum, but the mean length of the lizardfish 
produced an acceptable value of the coefficient p only when matched with the TS class
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marked -52 dB, which can be considered a secondary mode of the upper strata (Fig. 13 
and Table 13.)
Table 13 - Discrimination of species in station no. 64 o f the 1993 Gulf of Mexico 
survey. Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the (3 coefficient of the simplified Love’s equation 
(TS = 20 log Length - p;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Species
Trawl sample 
n % in 
catch
Mode n % in 
sample
Acoustic sample 
Mode Index Comments
P. burti (a) 129 43.73 13.25 . -47.0 -69.44 Adopted
i t  f t (b) 61 20.68 15.75 • -45.0 -68.95 Adopted
S. brasil. (c) 34 10.77 7.5 - -51.0 -68.50 Adopted
4. Specific Equations Relating Target Strength and Length for Selected 
Species from the Gulf of Mexico
A summary of the successful matches of echo- and size-distributions achieved
above is given in Tables 14 and 15, respectively for the 1992 and the 1993 pelagic fish 
surveys in the Gulf of Mexico.
After successfully identifying the echo-distributions representing several species 
of fish from the 1992 and the 1993 small pelagic fish surveys o f the GoM, it was 
possible to use each pair o f TS and size-distributions and independently test their fit to 
specific Love S equations.
Table 14 -  Summary of successful matches between size- and TS-distributions in the 
Gulf o f Mexico 1992 survey for small pelagic fish
. _ Mean Var. Mode Mean Var. Mode Index
bpecies________  Length Length Length TS TS TS modes
Etrumeus teres
3 12.62 0.406 12.25 -48.22 1.862 -48.5 -70.26
14 12.13 0.341 12.25 -49.38 1.422 -48.5 -70.26
14 15.20 0.115 15.25 -46.50 1.609 -46.5 -70.17
(Table
Cont.)
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(Table 
14 cont.)
Peprilus burti
10 16.25 0.241 16.25 -44.82 1.613 -44.5 -65.72
10 18.50 0.163 18.5 -42.44 0.924 -42.5 -67.84
22 15.83 0.411 15.75 -44.97 0.258 -45.0 -68.95
43 13.80 1.907 13.25 -47.40 1.308 -48.5 -70.94
54 14.73 1.399 15.75 -47.35 1.412 -47.5 -71.45
Saurida brasiliensis
14 7.66 0.649 7.75 -52.47 0.286 -52.5 -70.29
40 8.55 0.470 8.25 -50.35 0.735 -50.5 -68.83
54 7.41 1.505 7.75 -50.31 1.657 -51.5 -69.29
Trachurus lathami
22 13.90 0.216 13.25 -47.21 4.095 -47.0 -69.44
40 22.79 1.501 22.25 -48.40 0.839 -48.5 -75.45
40 32.56 • • • 32.75 -46.45 0.473 -46.5 -76.80
43 14.42 0.322 14.25 -47.40 1.308 -48.5 -71.58
54 15.35 2.474 14.75 -49.36 0.812 -49.5 -72.88
Selar crumenophthalmus 
3 16.25 -45.46 0.400 -45.5 -69.72
21 20.63 1.468 20.25 -47.21 4.095 -47.0 -73.13
43 22.75 . . . 22.75 -44.50 -44.5 -71.64
Scomber japonicus 
22 23.76 1.899 24.25 -44.97 0.258 -45.0 -72.69
40 32.50 . . . 32.5 -44.49 0.095 -44.5 -74.74
43 29.75 29.75 -44.50 • . . -44.5 -73.97
54 22.14 2.216 22.75 -47.35 1.412 -47.5 -74.64
14 20.50 -44.82 1.613 -44.5 -70.74
This procedure yields two results; it tells us if the correspondence between TS 
and length distributions found before can be accepted in each case; secondly, if the fit is 
acceptable, it provides a relationship for each species considered.
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Table 15 -  Summary of successful matches between size- and TS-distributions in the 
Gulf of Mexico 1993 survey for small pelagic fish
Species St. # MeanLength
Var.
Length
Mode
Length
Mean
TS Var. TS
Mode
TS
Index
modes
Etrumeus teres
19 10.46 1.092 9.75 -51.30 7.000 -51.0 -70.78
30 11.24 0.720 10.75 -51.22 5.602 -51.0 -71.63
Peprilus burti
19 10.60 0.173 10.75 -49.53 3.849 -51.5 -72.13
26 13.88 0.924 14.25 -49.59 7.276 -49.0 -72.08
30 11.38 0.839 11.25 -51.22 5.602 -51.0 -72.02
64 12.95 0.313 13.25 -46.17 12.750 -47.0 -69.44
64 15.57 3.400 15.75 -46.17 12.750 -45.0 -68.95
Myctophids
23 7.44 3.647 7.75 -49.76 6.954 -49.0 -66.79
Scomber japonicus
23 • • . • • . 28.00 -45.41 5.406 -45.0 -73.94
Trachurus lathami
26 14.61 2.785 15.75 -49.59 7.276 -49.0 -72.95
30 12.81 0.170 13.25 -49.24 5.540 -47.0 -69.44
30 15.07 0.142 15.25 -49.24 5.540 -47.0 -70.67
Lagodon rombhoides
26 16.65 0.757 17.25 -49.59 7.276 -47.0 -71.74
Saurida brasiliensis
64 6.50 4.225 7.50 -52.38 7.753 -51.0 -68.50
The regression coefficients and confidence limits (only for the generalized
regression) for the six species for which there were positive results are presented in 
Table 16, following the format adopted by Foote (1987) and MacLennan and Simmonds 
(1992.) Since this analysis was performed with a small number of values for each 
species identified, the results presented in Table 16 and 17, below, should be validated 
by repeated sampling.
Four sets of regression analysis were performed, the first using the modes of the 
distributions as recorded in Tables 1 to 13; another set of regression analysis was done
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with the means o f the normal distributions identified with the Bhattacharya method. 
Only the species with at least three points identified were used in this analysis. As 
stated in section 4 of Material and Methods, these regressions were done in two ways; 
by forcing the slope of the lines through a value of 20, corresponding to the simplified 
Love S equation; and estimating the true value of the slope of each line, which 
corresponds to the generalized Love S equation.
Table 16 -  Parameters of the regression lines estimated with the modes of the size- and 
TS-distributions from the Gulf of Mexico 1992 survey; n = no. of data points; m = 
estimated slope of the regression line; P = estimated intercept of the regression line; P20 
= estimated intercept of the model restricted with m = 20; (S.E.) = standard error of the 
estimates
Type of Regression Unrestricted Regressions (TS = m log10L + P) Restrict.
Species n m (S.E.) P (S.E.) R2 P 20
1992 survev
E. teres 3 21.02 0.000 -71.38 0.000 1.000 -70.23
P. burti 5 42.03 11.602 -95.99 13.92 0.814 -69.58
S. brasiliensis 3 55.24 31.896 -101.13 28.656 0.750 -69.47
S. crumenophthalmus 3 3.91 16.499 -50.71 21.331 0.053 -71.50
S. japonicus 4 15.87 8.633 -68.08 12.364 0.628 -73.99
T. lathami 5 2.86 6.193 -51.52 7.629 0.067 -72.56
1993 survev
E. teres 3 27.07 24.27 -78.05 24.87 0.554 -70.81
P. burti 5 35.51 9.69 -88.15 10.79 0.817 -70.92
T. lathami 3 -18.64 22.13 -25.91 25.84 0.415 -71.02
The results of a set of these regression lines for Etrumeus teres are presented in 
Fig. 14. The figures showing the regression lines for the other species that fulfilled the 
criteria listed above are shown in Figs. 15-19.
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The test applied in the model to estimate the regression parameters failed to
reject any differences between the slope parameters estimated from both the modes and
mean values of the size- and TS-distributions and the value of m = 20.
Table 17 -  Parameters of the regression lines estimated with the means of the size- and 
TS-distributions from the Gulf of Mexico 1992 survey; n = no. of data points; m = 
estimated slope of the regression line; P = estimated intercept of the regression line; P 20 
= estimated intercept of the model restricted with m = 20; (S.E.) ~ standard error of the 
estimates
Type o f Regression Unrestricted Regressions (TS = m logio L + P) Restrict.
Species n m (S.E.) P (S.E.) R2 P 20
1992 survev
E. teres 3 26.86 6.763 -78.18 7.596 0.940 -70.48
P. burti 5 42.02 5.426 -95.70 6.500 0.952 -69.34
S. brasiliensis 3 10.65 36.465 -60.58 32.663 0.078 -68.95
S. crumenophthalmus 3 2.18 18.149 -48.55 23.513 0.014 -71.61
S. japonic us 4 13.75 7.453 -64.94 10.644 0.630 -73.86
T. lathami 5 2.80 3.754 -51.33 4.804 0.157 -73.20
1993 survev
E. teres 3 11.77 53.42 -62.96 55.39 0.046 -71.49
P. burti 5 22.16 14.83 -73.04 16.42 0.427 -70.65
T. lathami 3 -1.81 5.08 -47.27 5.84 0.113 -72.36
The regressions performed for the round herring with the modes should not be 
considered, since two of the points overlap. It is however, interesting to note that the 
points from the 1993 survey appear to fit the line, although at the lower end of the 
range. It is also noteworthy that the intercept values calculated with the restricted 
regression were only two tenths of a dB apart, close to the individual [beta symbol] 
values calculated with each mode, and within the range o f values listed by MacLennan 
and Simmonds(1992) for clupeoids.
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Therefore, the equations calculated for E. teres from the 1992 survey of the Gulf 
of Mexico, both by the restricted regressions and by the regression of modal sizes with 
the modes of the corresponding TS-distributions can be considered acceptable. 
However, for comparison with further studies, a simplified Love S equation is
preliminarily proposed with Etrumeus teres TS = 20 x log Length 70.3.
TS mode = 20 x log modal L - 70.278 
R2 = 0.998
TS mode = 21.771 x log modal L - 72.266 
R2 = 1.000-44
I  '
|  -48 - 
£  -50 - 
-52 -
S  -46 -
Modal Length (cm)Modal Length (cm)
Mean TS = 20 x log Mean L - 70.478 
R2 = 0.879
Mean TS = 26.859 x log Mean L - 78.176 
Adj. R2 = 0.940-44
a  -46 -
H -48 -
i . s o -
-52 -■
-48 -
-50
-52
Mean Length (cm)Mean Length (cm)
Fig. 14 - The four regression lines estimated for Etrumeus teres from the 1992 survey of 
the Gulf of Mexico; a and b - unrestricted models (a - modes; b - means;) c and d - 
restricted models with m = 20 (c - modes; d - means;) the red dots represent the 1993 
data points.
The regression parameters calculated for P. burti are very different in the 
restricted and the unrestricted models (Fig. 15.) In this case, the test showed 
statistically significant differences between the slope parameters estimated and the 
value of m = 20 (probability values of 0.0115 and 0.0270 respectively, for the models 
with the modes and the means of the size- and TS-distributions.)
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The intercept values calculated, both with the pairs of modes and of means, 
applying the restricted regression model are very similar and close to the mid-value of 
the individual p values calculated in the stations analysed, as could be expected. 
Therefore, the equation TS = 20 x log Length - 69 can be considered an acceptable
preliminary equation for P. burti from the northern Gulf of Mexico.
I TS mode = 20 x log modal L - 69.579 j 
R2 = 0.5903 I
TS mode = 42.030 x log modal L - 95.991 
R2 = 0.8139
-42 -|
a  -44 - £  -44 -
2  -48 - 2  -48 -
-50
Modal Length (cm) Modal Length (cm)
Mean TS = 20 x log Mean L - 69.338 j 
R2= 0.6908 |
Mean TS = 42.023 x log Mean L - 95.072 
__________ Adj. R2 = 0.9524___________
-42 -42
£  -44 -
H -46 -
5  -48 -
-50
Mean Length (cm)Mean Length (cm)
Fig. 15 - The four regression lines estimated for Peprilus burti from the 1992 survey of 
the Gulf of Mexico; a and b - unrestricted models (a - modes; b - means;) c and d - 
restricted models with m = 20 (c - modes; d  - means;) the red dots represent the 1993 
data points.
In the case of Saurida brasiliensis, not only the parameters estimated, but also 
the very aspect of the graphs (Fig. 16) shows that the values reached can be considered 
but a first reference to further studies. The lizardfish has been considered a bottom fish 
and the fact that only small individuals were found in the stations analysed may signify
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that this species may have differential behaviour with growth. Therefore, and although 
the test applied in the regression model failed to reject any significant differences 
between the slope parameters estimated and the value m = 20, no equation for this 
species should be considered until further studies.
TS mode = 55.244 x log modal L - 101.129 
R2 = 0.7500
TS mode = 20 x log modal L - 69.467 
R2 = 0.4447-50
_  -51 -
ca
-53 - -53 i
-54
7.5 8.5
Modal Length (cm)Modal Length (cm)
Mean TS = 10.646 x log Mean L - 60.575 
R2 = 0.0785
Mean TS = 20 x log Mean L - 68.950 
R2 = 0.0179-50 -.
-50 i
s
£  -52 -
-52 -
2  -53 - -53 -
-54 -54
6.5 8.57 7.5 8
Mean Length (cm)
6.5 7 7.5 8
Mean Length (cm)
8.5
Fig. 16 - The four regression lines estimated for Saurida brasiliensis from the 1992 
survey of the Gulf of Mexico; a and b - unrestricted models (a - modes; b - means;) c 
and d - restricted models with m = 20 (c - modes; d - means;) the red dot represents the 
1993 data points.
The results obtained for S. japonicus from the 1992 survey of the Gulf of 
Mexico are an example of the need to look attentively to the use of the simplified Love 
S equation. The chub mackerel is a fully pelagic schooling fish without a swimbladder 
and with a robust body and thus an equation with a slope parameter close to 20 and an
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intercept smaller than -70 could be expected to apply. However, the graphs shown in 
Fig. 17 suggest that a lower slope parameter with a higher intercept may best represent 
the relationship between length and target strength for this species, although the test 
applied in the regression model failed to reject any significant differences between the 
estimates of the slope parameter and the value m = 20. In order to allow the comparison 
with the literature, an equation of the form TS = 20 x log Length -73.9 may be retained 
as a first estimate for S. japonicus from the northern Gulf of Mexico.
TS mode = 20 x log modal L - 73.99 
R2 = 0.5855
TS mode = 15.867 x log modal L - 68.08 
R2 = 0.6281
-43-43
-44 --44 -
r  -45 h-45 -
-46 n-46 -
-47 --47
20 21 22 23 24 25 26 27 28 29 30 31 32 33 
Modal Length (cm)
20 21 22 23 24 25 26 27 28 29 30 31 32 33 
Modal Length (cm)
Mean TS = 20 x log Mean L - 73.86 j  
R2 = 0.4995
Mean TS = 13.747 x log Mean L - 64.94 
Adj. R2 = 0.6298
-43-43 -1
-44 --44 -
J? -45 -H
S -46 -
£  -45 -f-
= -46 -
-47 --47
-48
20 21 22 23 24 25 26 27 28 29 30 31 32 33 
Mean Length (cm)
20 21 22 23 24 25 26 27 28 29 30 31 32 33 
Mean Length (cm)
Fig. 17 - The four regression lines estimated for Scomber japonicus from the 1992 
survey of the Gulf of Mexico; a and b - unrestricted models (a - modes; b - means;) c 
and d - restricted models with m = 20 (c - modes; d - means;) the red dot represents the 
1993 data point.
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The regression analyses performed for the bigeye scad, Selar crumenophthalmus 
were done with very few “acceptable” observations, sometimes based on only one or 
two specimens caught in the trawl. For the same reason, the “modal size” considered 
was in two instances also considered the “mean size.” Thus, the very poor fit o f the 
observations to the regression lines (Fig. 18,) which prevents any conclusions on the 
possible relationship between size and target strength for this species.
TS mode = 3.909 x log modal L - 50.715 
R2 =0.0531
TS mode = 20 x log modal L - 72.495
-44 -| -41 
-42 - 
a  -43 - 
r -44 -i 
1 -4 5  - 
£  -46 - 
-47 -
-47 -
-48
Modal Length (cm) Modal Length (cm)
Mean TS = 2.1837 x log Mean L - 48.549 
R: = 0.0143
Mean TS = 20 x log Mean L - 72.570 j
-44 i -42 - 
£ - 4 3 -
3  _ 4 4  .
5/3
H *45 -
t - 45 ■
H -46 -c
2  -47 - 
-48 -
-47 - 
-48 -
Mean Length (cm)Mean Length (cm)
Fig. 18 - The four regression lines estimated for Selar crumenophthalmus from the 1992
survey of the Gulf of Mexico; a and b - unrestricted models (a - modes; b - means;) c 
and d - restricted models with m = 20 (c - modes; d - means.)
The results obtained for the rough scad, Trachurus lathami, (Fig. 19) are 
comparable to those obtained for the chub mackerel, in that an equation with a slope 
smaller then 20 may be more adequate to translate the relationship between this species’ 
size with the corresponding target strength. The test applied to the regression model
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showed significant differences between the estimate and the value m = 20 (probabilities 
of 0.0697 and 0.0195, respectively for the model using the modes and the one using the 
means of the distributions. On the other hand, the P coefficients estimated by the 
restricted regression are three to four dB smaller than the values found in the literature 
for carangids with this body shape (Barange et al 1996, Torres et al. 1984.) Therefore, 
for this species no equation is suggested as a possible relationship between size and 
target strength.
TS mode = 2.865 x log modal L - 51.518 
R: = 0.0666
TS mode = 20 x log modal L - 72.558
-46-46 -
_  -47 - a-  -47 -
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Fig. 19 - The four regression lines estimated for Trachurus lathami from the 1992 
survey of the Gulf of Mexico; a and b - unrestricted models (a - modes; b - means;) c 
and d - restricted models with m = 20 (c - modes; d - means;) the red dots represent the 
1993 data points.
The analysis of co-variance (ANCOVA) performed to test if there were significant 
differences between the regression lines estimated for the different species in the 1992 
set of pairs o f modes and means of the size- and TS-distributions rejected the hypothesis
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of no differences among the models pertaining to the different species, as shown in 
Table 18 and 19 respectively for the modal and the mean values (probabilities: 0.0206 
and 0.0521.)
Table 18 -  Randomized block analysis o f variance for modal TS = modal length for the 
six species analyzed from the 1992 survey of the Gulf of Mexico (D.F. -  degrees of 
freedom; SS -  model sum of squares; F -  value of the test)
Dependent variable: modaj_TS
Source D.F. SS F Prob.
Model 12 126.228 12.11 0.0002
Error 10 8.684
Corr. Total 22 134.913
Source D.F. Type in SS F Prob.
Modal Length 1 15.043 17.32 0.0019
Species 5 19.597 4.51 0.0206
L * Species 5 21.933 5.05 0.0144
Table 19 — Randomized block analysis o f variance for mean TS = mean length for the 
six species analyzed from the 1992 survey of the Gulf of Mexico (D.F. — degrees of 
freedom; SS -  model sum of squares; F — value of the test)
Dependent variable: meanTS
Source D.F. SS F Prob.
Model 12 1 10.206 8.94 0.0008
Error 10 10.268
Corr. Total 22 120.475
Source D.F Type HI SS F Prob.
Modal Length 1 13.207 12.86 0.0050
Species 5 16.820 3.28 0.0521
L * Species 5 18.791 3.66 0.0384
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This analysis was repeated with the successful matches from the 1993 survey 
and, in this case the test failed to reject differences between the models representing the 
different species, probably due to the small number of data points and to the fact that 
they were very restricted in their range. Therefore a further analyses was performed by 
pooling the data points from the two surveys by species and another ANCOVA was run 
and failed to reject differences among the models representing the different species by 
year (differences in the regression lines from the two surveys.) Furthermore, the 
analysis of the residuals from these models failed to reject the assumption of normality 
that underlies them.
The regression analyses with the pooled data are presented in Tables 20 and 21, 
respectively with the modes and the means of the size- and TS-distributions. The 
ANCOVA run to test differences among the lines for the pooled data is presented in 
Tables 22 and 23.
Table 20 -  Parameters of the regression lines estimated with the modes of the size- and 
TS-distributions from the Gulf of Mexico 1992 and 1993 surveys; n = no. of data 
points; m = estimated slope of the regression line; P = estimated intercept of the 
regression line; P20 = estimated intercept of the model restricted with m = 20; (S.E.) = 
standard error of the estimates
Type of Regression Unrestricted Regressions (TS = m logio L  +  P ) Restrict.
Species n m (S.E.) P (S.E.) R2 P 20
E. teres 7 23.88 3.025 -74.71 3.290 0.926 -70.50
P. burti 10 36.85 5.069 -89.71 5.866 0.868 -70.25
S. brasiliensis 4 20.50 31.739 -69.67 28.332 0.173 -69.23
S. crumenophthalmus 3 3.91 16.499 -50.71 21.331 0.053 -71.50
S. japonicus 5 15.965 7.018 -68.20 10.072 0.633 -73.98
T. lathami 8 0.72 5.012 -48.75 6.056 0.003 -71.98
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This exercise improved the fit o f the data to the models in all cases except for T. 
lathami for which the data points are scattered, as can be observed in Fig. 19. The 
ANCOVA also shows a better separation of the models, allowing accepting the method 
as one that really discriminates the different species tested.
Table 21 -  Parameters of the regression lines estimated with the modes of the size- and 
TS-distributions from the Gulf of Mexico 1992 and 1993 surveys; n = no. of data 
points; m = estimated slope of the regression line; P = estimated intercept of the 
regression line; P20 = estimated intercept of the model restricted with m = 20; (S.E.) = 
standard error of the estimates
Type of Regression Unrestricted Regressions (TS = m logio L + P) Restrict.
Species n m (S.E.) P (S.E.) R2 P 20
E. teres 6 28.84 4.080 -80.56 4.463 0.909 -70.90
P. burti 10 31.29 6.318 -83.00 7.288 0.754 -69.99
S. brasiliensis 4 22.30 14.943 -71.11 13.086 0.527 -69.10
S. crumenophthalmus 3 2.18 18.149 -48.55 23.513 0.014 -71.61
S. japonicus 5 13.43 6.181 -64.56 8.852 0.612 -73.96
T. lathami 8 4.86 2.929 -54.32 3.611 0.314 -72.88
Table 22 -  Randomized block analysis of variance for modal TS = modal length for the 
combined data points derived from the 1992 and 1993 surveys of the Gulf of Mexico 
(D.F. -  degrees of freedom; SS -  model sum of squares; F -  value of the test)
Dependent variable: modaj_TS
Source D.F. SS F Prob.
Model 14 247.408 12.46 0.0001
Error 28 39.697
Corr. Total 42 287.105
Source D.F. Type III SS F Prob.
Modal Length 1 10.053 7.09 0.0127
Species 6 35.402 4.16 0.0041
L * Species 6 38.586 4.54 0.0025
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In all six cases the simplified Love S equation yields results very close to our 
expectations; all truly pelagic species present P20 coefficients smaller than -70 dB, with 
the smallest value corresponding to Selar crumenophthalmus, the only species that does 
not possess a swimbladder; the Gulf butterflsh and the lizardfish, both believed to be 
physoclists, present the highest values. This is true both for the regressions calculated 
with the modes and with the means o f the corresponding distributions.
Table 23 -  Randomized block analysis o f variance for mean TS = mean length for the 
combined data points derived from the 1992 and 1993 surveys o f the Gulf of Mexico 
(D.F. -  degrees o f freedom; SS — model sum of squares; F -  value o f the test)
Dependent variable: mean TS
Source D.F. SS F Prob.
Model 14 246.165 11.74 0.0001
Error 28 41.950
Corr. Total 42 288.115
Source D.F. Type ID SS F Prob.
Modal Length 1 37.727 25.18 0.0001
Species 6 28.779 3.20 0.0161
L * Species 6 32.760 3.64 0.0085
On the other hand, only two species, E. teres and S. brasiliensis, generated m 
and p coefficients close to the expected values. This may be due to the small number of 
points used in the regression analysis. For this reason, we propose that the simplified 
Love S equations that resulted from this analysis be considered the first equations 
relating target strength and length for the Gulf of Mexico species described above, as 
summarized in Table 24.
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Table 24 -  Proposed equations for the relationship between fish length and target 
strength for selected species o f the northern Gulf of Mexico.
Species Proposed simplified Love S equation
Etrumeus teres TS = 20 x log Length - 70.3
Peprilus burti TS = 20 x log Length -  69
Scomber japonicus TS = 20 x log Length -73.9
5. Discrimination of Species in Selected Stations o f two Hydroacoustic and 
Trawl Surveys in the Sofala Bank, Mozambique
Successful identification of the species represented in the catches was achieved 
in two stations of the 1986 survey and in five stations of the 1987 survey. Evidence that 
the species had been successfully identified was found when the (3 coefficient of the 
simplified Love S equation calculated with each pair of TS and length distributions was 
found to be close to the values found in the literature for similar species. A description 
of the findings for each station is given below.
In station no. 3/86 which can be considered near to a “best case,” the catch was 
composed of three species; the buccaneer anchovy, Encrasicholina punctifer, making 
up about 95% of the catch in numbers; another unidentified species of small anchovy; 
and a small number of Indian scad, Decapterus russelli (Fig 20.) When trying to match 
either o f the two modes of the anchovies with either o f the modes of the TS 
distributions, very low values were found for the p coefficient.
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Fig. 20 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 3 of the Sofala Bank 1986 survey of small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
Therefore, these matches were preliminarily rejected with the assumption that the TS
distribution was stunted, because had there been smaller available echoes, an acceptable
match would have been achieved, since the anchovies caught were also very small.
Although the number of scads was small and their size distribution not normal, a match
was attempted and this proved preliminarly acceptable (Table 25.)
Table 25 - Discrimination of species in station no. 3 of the 1986 Sofala Bank survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the (3 coefficient of the simplified Love’s equation 
(TS = 20 log Length - p;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
catch sample
E. punctifer (a) 10,470 86.80 4.75 293 74.00 -53.0 -66.53 Rejected
• i ii (b) 6.25 103 26.00 -49.0 -64.92 Rejected
Anch. sp. (a) 1570 13.00 4.25 -53.0 -65.57 Rejected
D. russelli (b) 24 0.20 13.25 -49.0 -71.44 Prelim, est.
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In station no. 5/86 the catch was composed of 90% Indian pellona, Pellona 
ditchella and small numbers o f demersal species.
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Fig. 21 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 5 of the Sofala Bank 1986 survey of small pelagic fish.
The modal size of the sardines was matched with the two modes apparent in the TS
distribution, but the second match yielded a value which can be considered too small,
since this is a laterally compressed fish (Fig 21, Table 26.)
Table 26 - Discrimination of species in station no. 5 of the 1986 Sofala Bank survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the p coefficient of the simplified Love’s equation 
(TS = 20 log Length - p.)
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
catch sample
P. ditchella
44  44
10,470 86.80 12.25 1700 74.00 -53.0
12.25 900 38.3 -47.0
-74.76 Prelim, est. 
-68.76 Rejected
In station no. 7/86, about 30% of the catch in weight was composed of small 
unidentified fish larvae, some 10% of the buccaneer anchovy, and the remaining 
consisted of one large specimen of the Spanish mackerel Scomberomorus commersonii. 
A large number of small echoes was therefore likely to be expected, as well as a small 
number of isolated large echoes, corresponding to the predators, as pictured in Fig. 22.
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Fig. 22 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 7 of the Sofala Bank 1986 survey of small pelagic fish.
However, the size distributions of the small fish overlapped and were not normal 
and, when trying to match their modes with the TS modes, very low indices were found 
and thus the matches were preliminarily rejected (Table 27.)
Table 27 - Discrimination of species in station no. 7 of the 1986 Sofala Bank survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the p coefficient of the simplified Love’s equation 
(TS = 20 log Length - p.)
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
catch sample
E. punctifer 10,470 86.80 4.75 293 74.00 -53.0 -66.53 Rejected
H (I 6.25 103 26.00 -49.0 -64.92 Rejected
Fish larvae 1,570 13.00 4.25 293 74.00 -53.0 -66.53 Rejected
Station no. 10/86 survey yielded about 50% of a mix of sardines and larger 
anchovies, but their size distributions largely overlapped. On the other hand, the echo- 
distribution showed large gaps and the echo-resolution had been poor also. Therefore, 
this station was not selected for the analysis; the remaining stations from the 1986
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Sofala Bank survey featured either similar problems with their echo-distributions, or 
unstable size distributions of the catch.
Stations nos. 4/87 and 5/87, although 15 nautical miles apart, bear striking 
similarities both in the species- and in the echo-compositions, and thus their data were 
pooled (Fig 23.) Indian pellona, Pellona ditchella and orangemouth thryssa, Thryssa 
vitrirostris, made up 95.5% of the catch in station 4 and 82.5% in station no. 5, while 
the other species included small numbers of the small anchovies Encrasicholina 
punctifer and E. heteroloba, as well as some small squids (more in station 5, 
determining the smaller percentage in number of the sardines.)
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Fig. 23 - Histograms o f the echoes (I) and of the species and size composition of the 
catch (II) in stations nos. 4 and 5 o f the Sofala Bank 1987 survey of small pelagic fish; 
the small case letters in bold represent modes referred to in the description.
The figures presented in Table 28 correspond to average numbers in the two 
stations and show that acceptable matches between size and TS were possible to 
identify for the two components of the Indian pellona, as well as for the orangemouth 
thryssa.
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Table 28 - Discrimination of species in stations nos. 4 and 5 of the 1987 Sofala Bank 
survey. Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the P coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Species
Trawl sample 
n % in 
catch
Mode
Acoustic sample
n % in Mode Index Comments 
sample
P. ditchella (a) 121 34.57 7.75 1400 58.10 -53.0 -70.79 Adopted
M If (b) 93 26.57 16.25 600 24.90 -47.0 -71.22 Adopted
T. vitrirostris (b) 136 38.86 14.25 -47 -70.08 Adopted
Station no. 9/87 yielded a small catch composed of the Indian pellona (90% in 
weight) and some of the small anchovies, E. heteroloba and E. punctifer (Fig. 24-11.) 
The anchovies were of very small size and the match of their modal size with the 
smaller TS class yielded a very low value (v. discussion on station 3 of the 1986 survey 
of the Sofala Bank) that was rejected. The Indian pellona, however, gave a positive 
match with the secondary mode in the TS-distribution (Table 29.)
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Fig. 24 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 9 of the Sofala Bank 1987 survey of small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
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Table 29 - Discrimination of species in station no. 9 o f the 1987 Sofala Bank survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the P coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Species
Trawl sample 
n % in Mode 
catch
Acoustic sample 
n % in Mode 
sample
Index Comments
E. punctifer 
E. heteroloba 
P. ditchella
(a)
(a)
(b)
37 22.70 
126 77.30 
63 27.27
6.25
6.25 
14.75
1300 35.58 -53.0 
-53.0
1200 32.84 -49.0
-68.92
-68.92
-72.38
Rejected
Rejected
Adopted
In station no. 10/87, the catch was composed in almost 100% the small
anchovies, but with a few round herring, Etrumeus teres, the same species identified in 
the catches at the northern Gulf of Mexico. The TS-distribution appeared very similar 
to previous stations, in this and last year’s surveys, but since the size of the anchovies 
was bigger, a successful match was achieved. The match of the herring’s modal size 
with a secondary mode in the TS-distribution yielded also an acceptable match, with a p 
coefficient very similar to the one estimated and adopted for the Gulf of Mexico (Fig. 
25 and Table 30. v. also Table 24.)
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Fig. 25 - Histograms of the echoes (I) and of the species and size composition o f  the 
catch (II) in station no. 10 of the Sofala Bank 1987 survey of small pelagic fish; the 
small case letters in bold represent modes referred to in the description.
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Table 30 - Discrimination o f species in station no. 10 of the 1987 Sofala Bank survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the (3 coefficient of the simplified Love’s equation 
(TS = 20 log Length - (3;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Species
Trawl sample 
n % in 
catch
Mode
Acoustic sample
n % in Mode Index Comments 
sample
E. punctifer (a) 2,397 97.32 8.25 1300 71.9 -53.0 -70.21 Adopted
D. russelli (a) 37 1.50 7.25 -53.0 -71.33 Adopted
E. teres (b) 29 1.18 14.75 100 15.31 -47.0 -70.38 Adopted
In station no. 14/87, the catch was composed of almost 100% in number of 
Indian Pellona, while the remaining were large predators. The size-distributions both of 
P. ditchella and of the echoes were not stable, so secondary modes corresponding to the 
mean of an identifiable normal distribution in the sardine sizes and to a “mid-sized” 
fish-echo were used in the analysis (Fig. 26 and Table 31.)
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Fig. 26 - Histograms of the echoes (I) and of the species and size composition of the 
catch (I) in station no. 14 of the Sofala Bank 1987 survey of small pelagic fish.
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Table 31 - Discrimination o f species in station no. 14 o f the 1987 Sofala Bank survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the P coefficient of the simplified Love’s equation 
(TS = 20 log Length - p.)
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Comments
catch sample
P. ditchella 218 94.37 14.75 12,715 44.7 -49.0 -72.38 Adopted
Station no. 37/87, trawled over a depth of 12-16 m, yielded a truly multi-species 
catch with three species o f the small anchovies, two sardines plus the accompanying 
orangemouth thryssa, a small laterally compressed pony fish (Secutor insidiator), a 
carangid, as well as small numbers of demersal species (not included in Fig. 27.)
The size-distributions of the small fish largely overlapped but it was still 
possible to estimate specific indices of match between size and target strength using the 
echo-distribution corresponding to the layer 10-20 m (Table 32.)
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Fig. 27 - Histograms of the echoes (I) and of the species and size composition of the 
catch (II) in station no. 37 of the Sofala Bank 1987 survey of small pelagic fish.
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Table 32 - Discrimination of species in station no. 37 of the 1987 Sofala Bank survey. 
Numbers and proportions of the different components of the size- and 
echo-distributions; “Index” refers to the p coefficient of the simplified Love’s equation 
(TS = 20 log Length - P;) the small-case letters in parenthesis refer to the modes 
represented in the corresponding figure.
Trawl sample Acoustic sample
Species n % in Mode n % in Mode Index Com; the
small case letters in bold represent modes referred to in the description.
catch sample
P. ditchella (a) 302 9.11 15.25 4,305 51.2 -51.0 -74.67 Adopted
E. heteroloba (b) 1073 32.38 6.25 -55.0 -70.92 Adopted
S. insidiator (b) 922 27.82 6.25 3,352 39.9 -55.0 -70.92 Adopted
S. waitei (b) 791 23.87 6.75 -55.0 -71.59 Adopted
E. punctifer (b) 155 4.68 8.25 -55.0 -73.33 Adopted
6. Specific Equations Relating Target Strength and Length for Selected 
Species from the Sofala Bank, Mozambique
A summary of the successful matches of echo- and size-distributions achieved
above is given in Table 33. Only in the case of Pellona ditchella were there more than
two observations to test the fit of the data to Love’s equation.
Table 33 - Summary of matches between size- and TS-distributions in the Sofala Bank 
surveys for small pelagic fish
Species S t.# Mean Mode Mode TS IndexLength Length modes
Decapterus russelli
3/86 13.25 -49.0 -71.44
10/87 7.25 -53.0 -71.33
Pellona ditchella
5/86 12.21 12.25 -53.0 -74.76
4-5/87 7.95 7.75 -53.0 -70.79
4-5/87 15.84 16.25 -47.0 -71.22
14/87 14.34 14.75 -49.0 -72.38
37/87 14.90 15.25 -51.0 -74.67
Thryssa vitrirostris
4-5/87 14.25 -47.0 -70.08
(Table cont.)
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Encrasicholina punctifer
10/87
37/87
(Table Corn.)
8.25 -53.0 -70.21
8.25 -55.0 -73.33
Encrasicholina heteroloba
37/87 6.25 -55.0 -70.92
Stolephorus waitei
37/87 6.75 -55.0 -71.59
Etrumeus teres
10/87 14.75 -47.0 -70.38
The regression analysis performed with the five pairs of means matching echo- 
distributions with the size composition of the Indian Pellona, Pellona ditchella, from the 
Sofala Bank surveys can be compared with the results obtained for the round herring, 
Etrumeus teres, and the chub mackerel, Scomber japonicus, from the 1992 surveys of 
the northern Gulf of Mexico (Figures 14 and 17.) Since P. ditchella is a clupeid as the 
round herrring, the results of the regression analysis of the Indian pellona should be 
closer to those of the round herring. However, the result obtained was that the 
parameters of the different types of regressions for the Indian pellona more closely 
compare with those of the chub mackerel from the Gulf of Mexico. It is important to 
note that the Indian pellona is a laterally compressed fish, while both the roung herring 
and the mackerel are both round-bodied species, therefore there may be some 
characteristic o f the Indian pellona that makes the relationship between its length and 
the corresponding target strength to follow a model closer to that derived for the chub 
mackerel. On the other hand, it is noteworthy that the only positive match obtained for 
the Mozambican round herring is very close to the results obtained for the same species 
from the Gulf of Mexico.
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Fig. 28 - The four regression lines estimated for Pellona ditchella from the Sofala 1986 
and 1987 hydroacoustic surveys; a and b - unrestricted models (a - modes; b - means;) c 
and d - restricted models with m = 20 (c - modes; d - means;) the red dot represents the 
1986 data point.
As a conclusion to this analysis, it is possible to suggest as a preliminary 
relationship between fish length and target strength for the Indian Pellona from the 
Sofala Bank, the equation: TS = 20 x log Length - 72.8. As an indication for further 
studies, it is also possible to state that the equation TS = 20 x log Length - 70.3 may be 
used globally as the most likely relationship between length and target strength for the 
round herring, Etrumeus teres.
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The results just presented show that it is possible to identify, at least in some 
cases, the acoustic “population” corresponding to a discrete fish population in a multi­
species community. This was achieved by matching the size distribution of a particular 
species with a normal component of the echo-distribution obtained in a location close to 
that of the trawl haul that yielded a particular species. Positive or preliminary matches 
were obtained in 23 cases from data collected during the 1992 survey of the Gulf of 
Mexico, in 15 cases from the 1993 survey of the same area, and in 13 cases from data 
collected in the Sofala Bank.
The relationships between fish size and target strength were also estimated for 
the first time for a number of species, namely the round herring, Etrumeus teres, the 
Gulf butterfish, Peprilus burti, and the chub mackerel, Scomber japonicus, assuming 
that the matches between the size-distributions of a particular species and the 
corresponding echo-distributions were accurate. Nevertheless, these relationships 
should be regarded as typical for the season, the fish assemblage, and the acoustic 
system used during a particular survey. On the other hand, even if the equations now 
proposed for a number of specie, in the form of the “simplified Love’s equation,” TS = 
20 x logio Length - p, can be compared with the results published in the literature, 
further studies should be conducted in order to ascertain the most appropriate form of 
the relationship between fish size and target strength for each individual species (Foote 
1987; McClatchie etal. 1996.)
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Evidence that a positive match was found arose when the P value o f the 
simplified Love’s equation calculated with the modes of the TS distribution and the 
size-distribution were close to published values. In the case of the round herring, 
Etrumeus teres, the P values calculated from all the selected stations of the GoM 
surveys and from the Sofala Bank ranged from -70.17 to -70.78. Even from the same 
station (14/92), it was possible to match two size classes of the round herring with two 
normal components of the TS-distribution. The p values calculated were all within the 
range of the values calculated by Foote (1987) for several measurements on two 
species of clupeoids, herring and sprat from the North and the Baltic Seas: -69.8 to - 
73.5. On the other hand, the p values calculated for the regression lines using the pairs 
of means and modes identified from the GoM surveys for this species ranged from - 
70.23 to -71.49. This in contrast to Foote (1987), who an proposed equation with a 
higher p coefficient of -71.9 for clupeoids, based on herring and sprat measurements. 
My estimates were also within the range of the values documented for this group of 
species by MacLennan and Simmonds (1992): -69.1 and -76.0. It is also notable that 
the TS values pertaining to the section of the data that was matched with the length- 
distributions of the round herring were very similar to the mean TS values found by 
Gledhill et al. (1991) in four stations of a 1990 GoM survey, where this clupeid was the 
dominant species: -48.59 dB and -51.78 dB. It was, therefore, possible with the present 
data to propose a relationship between length and TS for the round herring of the 
northern Gulf of Mexico with the form: TS = 20 x logio Length - 70.5. It can also be 
recommended that, when seeking for matches between a size distribution of round 
herring and a TS-distribution, values of P between -70.0 and -71.9 should be 
considered. This interval and the proposed equation should also be tested for E. teres
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from other systems, since the value of 0 = -70.38 was found for a match between a size- 
distribution of this species and the corresponding TS distribution from the Sofala Bank, 
in the western Indian Ocean..
Concerning the bigeye scad, Selar crumenophthalmus, value of (3 found when 
matching the mean size of the two individuals caught at Station No. 3/92 of the GoM 
surveys with the mean of the echo distribution was -69.72 that was retained as a 
preliminary estimate of the relationship between TS and length for this species. 
Barange et al. (1996) presented a TS value of -66.8 for the Southwest Atlantic horse 
mackerel, and referred to a study by Torres et al. (1984) with a very similar value. (The 
publication cited is from Santiago that was assumed to be referred to Chile; in that 
region, the Southwest Pacific, the main scad species is a Decapterus sp. which is 
morphologically similar to S. crumenophthalmus.) At Station No. 21/92, the match of 
the mode o f a stable distribution o f this species with the mode of the TS distribution 
was accepted as another preliminary estimate although it yielded a value of p = -73.13, 
much lower than the previous estimate. At Station No. 54/99, again a single individual 
of this species was matched against a TS mode yielding a value of P = -71.64 that was 
retained as another preliminary estimate. The regression model generated with these 
observations showed a poor fit, although the model restricted with a slope m = 20 
yielded an intercept P = -71.50 and P = -71.61, respectively, for the modes and the 
means values of the distributions tentatively matched. The resulting equations were 
thus rejected as indicative relationships between TS and length for the bigeye scad, 
since their p values are almost 5 dB smaller than published values for similar species.
A similar situation occurred with the matches adopted for the rough scad, 
Trachurus lathami, another carangid with a body shape comparable to that of the bigeye
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
84
scad. In this case, the P values estimated in the regressions with the slope restricted to 
m = 20 were between -71.98 and -73.20, even smaller than the values found for the 
bigeye scad. In the case of the rough scad, however, most of the matches were obtained 
from stable unimodal size distributions, although the p values accepted ranged from 
-69.44 to -76.80 and this was probably the cause of the scatter of the points. 
Furthermore, the size range of the fish included in this analysis was representative of 
the adult size of this species, as was also the case with the bigeye scad. The similarity 
of the two situations leads one to agree with McClatchie et al. (1996) in their 
conclusions that the simplified Love’s equation with a slope m = 20 may not be 
adequate for all species, because each species may have an individual relationship 
between size and TS. Nevertheless, it is difficult to accept their assertion that the 
characteristics of the forced regressions are not necessarily similar among closely 
related species, especially when the TS measurements were obtained by the same 
methods and in the same area. In their analysis of forced regressions for different 
species, McClatchie et al. (1996) found similar values, both of slope and of intercept, 
for clupeids and for gadids -  probably because these are the best studied species, in 
what concerns their acoustic characteristics. On the other hand, the two species of 
carangids tested, the Southeast Atlantic horse mackerel, Trachurus trachurus, and the 
Japanese yellowfin horse mackerel, Trachurus japonicus, showed erratic results. This 
leads to the conclusion that the values and equations presented in this dissertation 
should be retained as the best estimates of TS-length relationships for these two species 
of Gulf of Mexico carangids, until tested against future measurements, preferably 
performed in similar conditions.
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The quality of the data relating to the chub mackerel, Scomber japonic us, is 
similar to that of the bigeye scad in the sense that some of the preliminarily accepted 
matches were obtained with catches of few individuals. The P values calculated for this 
species ranged in this study from -70.74 to -74.74 and are of the same order of 
magnitude as those calculated for the two carangids referred to above. The chub 
mackerel possesses a swimbladder, contrary to the Atlantic mackerel. Somber 
scombrus, and can, therefore be expected to produce echoes with higher intensity. 
McClatchie et al. (1996) present P20 values for these species that illustrate that 
difference, but my results suggest that the P20 values (probably between -70 and -74) 
from the Gulf of Mexico chub mackerel may be smaller than expected from a fish with 
swimbladder. Judging from the fit of the regression lines, the most probable equation 
relating TS and length for this species is one with a slope smaller than 20 and an 
intercept larger than -70. For the sake of comparison with other studies, an equation of 
the form TS = 20 x log 10 Length -74 is proposed for the chub mackerel from the 
northern GoM.
The Indian pellona, Pellona ditchella, is another clupeid for which the 
relationship between TS and length was studied in this dissertation. Because it is a 
laterally compressed fish, p values smaller than those calculated for the round herring 
were expected. The values accepted as possible matches between TS and length ranged 
between -70.79 and -74.76, but the regression analysis performed with the 
corresponding modes and means yielded two separate results. First, the estimated 
intercepts in the regression with a restricted slope (m = 20) w as-72.76 a n d -72.71, 
respectively for the means and the modes of the matched distributions, about 2 dB 
smaller than those estimated for the round herring. Alternatively, the unrestricted
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regressions suggest that the most probable intercept for this relationship may be smaller 
than 20. This was also the result (McClatchie et al. 1996) for the north Atlantic 
clupeids sprat and herring, also laterally compressed fishes. Therefore, the equations 
presented here can be considered good estimates indicative o f the relationship between 
TS and length for this Indo-Pacific clupeid.
The two other species for which the relationship between TS and length was 
studied in this dissertation, the largescale lizardfish, Saurida brasiliensis, and the gulf 
butterfish, Peprilus burti, both yielded results close to expectations. Both fishes have 
robust bodies and large swimbladders, and occupy pelagic habitats; therefore, large P 
values were anticipated. The only reference to a related species is (McClatchie et al. 
1996) for the Japanese butterfish, Psenopsis anomala, in which the intercept of the 
equation with a slope of m = 20 has a value close to -62 dB. I estimated the equivalent 
parameters for the gulf butterfish as -70.25 and -69.99, respectively, for the regressions 
of the modal and the mean points of the matched distributions. For the lizardfish, the 
P20 values were estimated as -69.23 and -69.10, the smallest intervals in our data set. 
Even if the observations of the lizardfish correspond to a very small range o f sizes, the 
equations presented can be considered indicative of the relationship between TS and 
length for this Gulf of Mexico species. For the gulf butterfish, the unrestricted 
regression points to a slope larger than 20, while for the Japanese butterfish McClatchie 
et al. (1996) calculated a slope smaller than 20. The exact form of the equation for the 
butterfishes is not well established and requires further studies with more observations.
There may be several reasons why the data subsets from a particular fishing- 
and-hydroacoustic station are not suitable for a positive identification of the exact echo- 
populations which reflect the underlying fish population. One of the most common,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
especially in the case o f mid-water trawls, may be that the identification catch was and 
did not adequately characterize the small size composition for some species, or that 
some of the larger, fast-moving fishes were not even caught. Brandt (1996) described 
comparable situations in which the lack of precision and accuracy of the sampling 
procedure complementary to hydroacoustics precludes the successful match o f the data 
provided by each sampling method. However, if the survey was properly planned, there 
should always be at least two stations that would give an adequate sample of the same 
fish population, as illustrated by the results presented in this dissertation. The results 
from one station may then be applied to others where there were indications that the 
same population was still being sampled.
Another factor may be that the acoustic gear allowed for multiple echoes to be 
identified as single targets, in which case there may be a number of large echoes that 
will not be reflected in the catch (Barange et al. 1996; MacLennan and Menz 1996). 
Hydroacoustic instruments and the software associated with acoustic data analysis have 
been continuously improved so that the problem of multiple echoes being identified as 
single echoes by the hydroacoustic system may be overcome in the near future. 
However, this situation may occur if, for some specific reason, multiple individuals 
associate closely and yield larger echoes than expected, but this could be accounted for 
by the visual observation of the echogram, as well as by the analysis of the catch 
wherein a larger than expected catch of small fish may result. Pelagic fishes, in general, 
have shown the tendency of scattering in mid water during the night, which makes 
surveying at night more appropriate (Appenzeller and Leggett 1990; Gledhill et al. 
1992). When close schooling is suspected to generating erroneous data, Should during 
the survey, the vessel may be moved to a different area and return later when the
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situation has changed, and sampling then resumed for that particular section of the 
survey area.
At the other end of the spectrum, there is the problem of the identification of 
small fish, especially at night when large concentrations of plankton may occur and 
mask the echo distribution of the species of interest (Saetre and Paula e Silva 1979). A 
similar situation may arise when acoustic noise is detected by the sounder (Olsen 1971; 
Olsen et al. 1983). This situation precluded the positive identification of anchovies in 
the Mozambique surveys, as illustrated by station no. 3/86. The smaller echoes detected 
were of the order of -53 dB, resulting in a value of 0 = -66.53, while the values 
calculated by Paula e Silva (1987) were on the order of -72; this was also the order of 
magnitude expected for these small fish, as discussed in connection with the clupeids 
whose acoustic characteristics were studied in this dissertation. These problems may be 
corrected by future developments in acoustic technology, such as systems that allow for 
a finer division of the water column into depth strata, thus permitting the deletion of 
data from a scattering layer of plankton or from a noisy layer (usually closer to the 
vessel’s hull.)
As an example of the difficulties in identifying the echoes produced by small 
organisms, (Station No. 3/92 of the GoM surveys). I analyzed a catch of squid, with 
mantle sizes between two and four cm, that formed an evident normal distribution. The 
value of P obtained by applying the simplified Love’s equation to the mean length of 
the squid was -64.74, and much lower than the range of values given by MacLennan 
and Simmonds (1992) for two squid species was -75.4 to -79.9.
I have shown above that the relationship between fish size and target strength 
can be estimated for a number of species during an hydroacoustic-and-fishing survey,
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but also that the equation(p = TS - 20 x logio Length) calculated for each species may 
vary from one station to another. This variation may be due to differences in the 
orientation of the fish in relation to the axis of the acoustic beam or to the changing 
physiological or behavioral states of fish with the time of day (Love 1969, 1971, and 
1977; Nakken and Olsen 1977; Foote 1980 and 1987; Fedotova and Shatoba 1983; 
MacLennan and Simmonds 1992; McClatchie et al. 1996). The amount by which the 
difference in the calculated index may be accepted was not established and, in this 
dissertation it was allowed to vary by as much as 6 dB in the case of Trachurus lathami. 
The issue of the “acceptable range” of values for the P coefficient should be the object 
of specific studies, but it is important to bear in mind that the “decibel scale” is a 
logarithmic one. Thus a single dB unit o f error amounts to multiplying intensity of a 
single echo by a factor of ten. Such differences may be expected when the size range of 
the individuals in a school are large, or when the presence of an open swimbladder or 
other anatomical characteristic is linked with large migrations throughout the water 
column, leading to different echo strengths [responses of the fish to the sound energy] 
(Edwards and Armstrong 1984.)
The final aspect under discussion deals with the form of the equation that should 
be adopted as most adequate to relate fish size with mean target strength, and this is 
connected with the probability distribution function that can be expected to be shown by 
a particular population of fish echoes. MacLennan and Simmonds (1992) warn that the 
relationship between fish length and target strength is but a simplification of a complex 
sum of different factors. My findings reinforce the view expressed by Foote (1987) that 
the “simplified Love’s equation” of the form TS = 20 x logio Length - [3 can be derived 
from data collected during an hydroacoustic and fishing survey, and that equations of
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this form can be used to describe the relationship between target strength and fish length 
o f different species that are caught together from a multi-species pelagic environment, 
such as the Gulf of Mexico. Furthermore, simplified equations of this type can be 
compared with results published for other species and for the same species studied in 
other areas. Such comparisons contribute to a better understanding of how other factors 
that restrain this relationship can affect its parameters, such as body shape, orientation, 
and schooling behavior. Nevertheless, several points above support the view of 
McClatchie et al. (1996) on the need to look closely into the parameters of the 
generalized Love’s equation in order to better describe the relationship between target 
strength and length for fish species for which this relationship has not yet been 
definitively established.
Concerning the probability distribution function typical of a population of fish 
echoes, I have also presented evidence that demonstrates that the assumption of 
normality can be defended and used to model the relationship between target strength 
and fish length. I do not mean to imply that the normal distribution is the probability 
distribution function that best describes and explains a distribution of fish echoes, as 
argued by MacLennan and Menz (1996), but only that it can be considered a 
simplification that permits the use of many statistical procedures.
In conclusion, I have illustrated a method of matching the means or modes of an 
echo distribution with the means or modes of the size composition of the corresponding 
net catches to identify the echo population that best reflects the underlying fish 
population. The “simplified Love’s equation”, TS = 20 x logio Length - p and the index 
P = TS - 20 x logio Length, calculated from the samples were successfully used as tools 
for judging the matches, by comparing the values obtained with references to
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hydroacoustic studies of the same or related species in the literature. Thus when 
assumptions are well founded, the relationship between fish size and target strength, in 
the form of the Love’s equation, either in its simplified or in the generalized form, can 
be estimated from a set of such matched samples and used in hydroacoustic fish stock 
assessment.
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Table 1.1 -  Characteristics of the trawl hauls performed during the 1992 survey of 
small pelagic fish in the Gulf of Mexico, with NOAA ship “Chapman.” Under gear 
type, BT refers to bottom trawl and MT to mid-water trawl.)
STARTING P O S I T I O N  TOTAL
S T . # DATE TI ME LAT.  N LONG. W DEPTH
( f m s )
GEAR
TYPE
DUR. OF
TRAWL
CATCH
( kg)
1 9 / 1 0 / 9 2 1 0 : 3 0 2 9 * 3 4 . 3 0 ' 8 6 * 1 7 . 1 2 ’ 66 BT 0 : 1 0
2 9 / 1 0 / 9 2 1 3  : 5 7 2 9 * 3 4 . 4 2 ' 8 6 * 1 6 . 8 7 ' 66 BT 0 : 3 0 818
3 9 / 1 0 / 9 2 2 0 : 1 8 2 9 * 4 6 . 0 5 ' 8 6 * 1 6 . 9 8 ' 4 4 MT 0 : 1 5 1 6 . 4
4 1 0 / 1 0 / 9 2 1 0 : 5 2 2 9 * 2 1 . 9 4 ' 8 6 * 1 7 . 3 6 ' 1 1 7 BT 0 : 3 0 5 0 . 3
5 1 0 / 1 0 / 9 2 1 2 : 5 7 2 9 * 2 2 . 5 5 ' 8 6 * 1 6 . 2 8 ' 1 1 0 MT 0 : 1 5
6 1 0 / 1 0 / 9 2 1 7 : 4 3 2 9 * 0 9 . 3 9 ' 8 6 * 1 6 . 6 9 ' 1 6 7 BT 0 : 3 0 0 . 2
7 1 0 / 1 0 / 9 2 2 1 : 1 6 2 9 * 1 1 . 3 0 ' 8 6 * 1 6 . 1 9 ' 99 MT 0 : 1 5 0 . 6 1
8 1 1 / 1 0 / 9 2 1 2 : 1 5 2 9 * 4 2 . 2 7 ' 8 6 * 4 7 . 1 7 ' 1 0 4 BT 0 : 3 0 1 4 7 . 4
9 1 1 / 1 0 / 9 2 1 8  : 0 2 2 9 * 3 6 . 9 9 ' 8 6 * 4 6 . 4 9 ' 1 2 6 BT 0 : 3 0 53 . 2
10 1 1 / 1 0 / 9 2 2 0 : 2 7 2 9 * 4 3 . 2 0 ' 8 6 * 4 9 . 2 0 ' 1 0 4 MT 0 : 1 5 1 2 . 6 6
11 1 2 / 1 0 / 9 2 1 2  : 4 5 3 0 * 0 1 . 1 7 ' 8 6 * 4 7 . 4 1 ' 6 1 BT 0 : 3 0 .
12 1 2 / 1 0 / 9 2 1 4 : 3 0 3 0 * 0 0 . 4 5 ' 8 6 * 4 6 . 8 6 ' 62 BT 0 : 3 0 5 1 4 . 8
13 1 2 / 1 0 / 9 2 1 7  : 1 9 2 9 * 5 1 . 5 5 ' 8 6 * 4 7 . 3 2 ' 83 BT 0 : 3 0 3 7 0
14 1 2 / 1 0 / 9 2 1 9 : 4 9 2 9 * 5 8 . 9 2 ' 8 6 * 4 7 . 0 5 ' 27 MT 0 : 1 5 1 2 . 2
15 1 2 / 1 0 / 9 2 2 1 : 0 5 3 0 * 0 3 . 0 0 ' 8 6 * 4 5 . 6 0 ' 53 MT 0 : 1 5 2 3 . 7 7
16 1 3 / 1 0 / 9 2 13  : 3 5 2 9 * 4 3 . 6 0 ' 8 7 * 1 7 . 5 6 ' 84 BT 0 : 3 0 9 7 5 . 2
17 1 3 / 1 0 / 9 2 1 8 : 1 9 2 9 * 4 0 . 3 4 ' 8 7 * 1 7 . 6 0 ' 1 0 1 MT 0 : 1 5 7 9 . 7
18 1 3 / 1 0 / 9 2 2 0  : 2 8 2 9 * 3 5 . 4 0 ' 8 7 * 1 7 . 4 0 ' 1 0 9 MT 0 : 1 5 1 0 . 3
19 1 3 / 1 0 / 9 2 2 2 : 0 9 2 9 * 4 4 . 4 0 ' 8 7 * 1 7 . 8 0 ' 7 9 MT 0 : 2 2 1 5 . 5
20 1 4 / 1 0 / 9 2 13  : 1 5 2 9 * 3 0 . 6 0 ' 8 7 * 4 8 . 6 0 ' 2 8 BT 0 : 3 0 2 3 . 0 7
21 1 4 / 1 0 / 9 2 1 6 : 5 6 2 9 * 2 0 . 9 7 ' 8 7 * 4 9 . 9 4 ' 52 BT 0 : 3 0 2 2 . 3
2 2 1 4 / 1 0 / 9 2 2 1 : 5 1 2 9 * 2 0 . 0 0 ' 8 7 * 4 5 . 8 0 ' 6 1 MT 0 : 1 5 2 7 5
23 1 5 / 1 0 / 9 2 1 4 : 2 7 2 9 * 1 6 . 6 7 ' 8 8 * 1 7 . 2 4 ' 4 9 BT 0 : 3 0 1 1 1 1 . 3
24 1 5 / 1 0 / 9 2 1 6 : 5 9 2 9 * 1 4 . 9 9 ' 8 8 * 1 7 . 3 8 ' 5 1 BT 0 : 3 0 3 7 . 6
25 1 5 / 1 0 / 9 2 2 0 : 3 1 2 9 * 1 3 . 5 8 ' 8 8 * 1 7 . 5 0 ' 59 MT 0 : 1 5 2 4 7 . 2 5
26 1 6 / 1 0 / 9 2 1 3  : 2 2 2 9 * 4 3 . 7 0 ' 8 8 * 1 6 . 9 0 ' 2 1 BT 0 : 3 0 3 6 9 . 5
27 1 6 / 1 0 / 9 2 1 6 : 2 8 2 9 * 3 2 . 5 3 ' 8 8 * 1 7 . 0 3 ' 2 1 BT 0 : 3 0 1 2 2 7
28 1 6 / 1 0 / 9 2 2 0 : 0 0 2 9 * 3 3 . 3 5 ' 8 8 * 1 6 . 9 8 ' 23 MT 0 : 1 5 4 . 6
29 1 6 / 1 0 / 9 2 2 0 : 5 1 2 9 * 3 6 . 2 0 ' 8 8 * 1 7 . 0 0 ' 22 MT 0 : 1 5 12 . 7 3
30 1 7 / 1 0 / 9 2 1 4 : 1 4 2 9 * 0 6 . 0 9 ' 8 8 * 4 6 . 6 9 ' 50 BT 0 : 3 0 145
31 1 7 / 1 0 / 9 2 1 8 : 0 3 2 9 * 1 7 . 2 1 ' 8 8 * 4 7 . 8 6 ' 33 BT 0 : 3 0 175
32 1 7 / 1 0 / 9 2 2 0  : 5 2 2 9 * 1 7 . 3 7 ' 8 8 * 4 7 . 5 4 ' 33 MT 0 : 1 5 186
33 1 7 / 1 0 / 9 2 2 2  : 2 3 2 9 * 1 8 . 8 0 ' 8 8 * 4 7 . 6 0 ' 3 1 MT 0 : 1 5 4 0 . 4 5
34 1 8 / 1 0 / 9 2 13  : 4 3 2 8 * 4 3 . 6 0 ' 8 9 * 1 7 . 0 4 ' 79 BT 0 : 3 0 150
35 1 8 / 1 0 / 9 2 1 8 : 0 0 2 8 * 5 4 . 3 4 ' 8 9 * 1 7 . 0 8 ' 33 BT 0 : 3 0 635
36 1 8 / 1 0 / 9 2 2 1 : 3 2 2 8 * 5 0 . 4 1 ' 8 9 * 1 9 . 1 0 ' 43 MT 0 : 1 5 83 . 5
37 1 9 / 1 0 / 9 2 1 6 : 4 4 to 00 10 o 00 o 9 0 * 1 7 . 9 0 ' 1 0 4 BT 0 : 3 0 3 6 . 3 4
38 1 9 / 1 0 / 9 2 1 8 : 3 0 2 8 * 1 1 . 9 2 ' 9 0 * 1 7 . 3 3 ' 67 BT 0 : 3 0 1 0 7 0 . 5
39 1 9 / 1 0 / 9 2 2 1 : 2 4 2 8 * 1 0 . 5 1 ' 9 0 * 1 5 . 4 1 ' 7 5 MT 0 : 1 5 1 6 . 8 8
4 0 2 0 / 1 0 / 9 2 1 5 : 3 3 2 8 * 0 3 . 4 3 ' 9 0 * 4 5 . 0 9 ' 86 BT 0 : 3 0 1 3 4 7 . 7
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(Table continued)
S T.  # DATE
STARTING P O S IT IO N  
TIM E LA T. N LONG. W DEPTH 
( f m s )
GEAR
TYPE
DUR.OF
TRAWL
TOTAL
CATCH
( k g )
4 1 2 0 / 1 0 / 9 2 1 8 : 4 4 28  0 1 4 . 0 9  * 9 0  8 4 8 . 5 5 ' 4 1 BT 0 : 3 0 1 6 3 . 6
42 2 0 / 1 0 / 9 2 2 1 : 0 0 28  B1 1 . 8 8 1 90  a 4 4 . 6 8 ' 49 MT 0 : 1 5 2 8 . 3
43 2 0 / 1 0 / 9 2 2 1 : 5 2 28 0 12  . 5 0 ' 9 0  8 4 0 . 9 0 ' 4 6 MT 0 : 1 5 1 1 . 0 3
44 6 / 1 1 / 9 2 1 5 : 3 8 2 8 B1 6 . 6 2 ' 9 1 B1 7 . 3 5 ' 4 1 BT 0 : 3 0 1 2 5 . 9
45 6 / 1 1 / 9 2 1 7 : 4 2 2 8 B1 5 . 4 8 1 9 1 8 1 7 . 2 6 ' 43 BT 0 : 3 0 1 2 7
46 6 / 1 1 / 9 2 2 0 : 0 1 28  B1 9 . 6 0 ' 9 1 fl1 6 . 2 0 ' 37 MT 0 : 1 5 2 5 . 4
47 7 / 1 1 / 9 2 13  : 3 9 28  fl 0 3 . 9 4 ' 9 1 a 4 8 . 2 0 ’ 56 BT 0 : 3 0 2 3 1 . 3
48 7 / 1 1 / 9 2 1 8 : 1 9 27  8 5 2 . 9 1 ' 9 1 a 4 7 . 2 2 ‘ 1 1 6 BT 0 : 3 0 2 2 . 7
49 8 / 1 1 / 9 2 1 3 : 0 9 2 8 B2 0 . 6 0 ' 9 1 B4 7 . 7 0 ' 36 BT 0 : 3 0 2 4 0 . 9
50 8 / 1 1 / 9 2 1 6 : 2 8 2 8 fl2 5 . 5 7 ' 9 1 a 4 8 . 0 2 ' 2 9 BT 0 : 3 0 3 8 3 . 3
51 1 4 / 1 1 / 9 2 1 2 : 3 5 2 8 a 2 0 . 5 6 ' 92  81 7  . 2 6 ' 3 2 BT 0 : 3 0 2 2 1
52 1 4 / 1 1 / 9 2 1 6 : 0 9 2 8 B3 0 . 8 9 1 92  8 1 7 . 8 4 ' 2 8 BT 0 : 3 0 81
53 1 4 / 1 1 / 9 2 1 9 : 2 3 28  8 2 9  . 2 5 ' 92  8 1 6 . 2 2 ' 2 9 MT 0 : 1 5 2 9 . 3
54 1 4 / 1 1 / 9 2 2 1 : 0 5 2 8 fl3 6 . 6 8 ' 92  8 1 4 . 8 7  • 23 MT 0 : 1 5 2 1 . 7 6
55 1 5 / 1 1 / 9 2 13  : 2 8 27  fl 5 5 . 9 7 ■ 92 81 7 . 3 9 ' 1 1 6 BT 0 : 3 0 1 1 9 0 . 7
56 1 5 / 1 1 / 9 2 1 6 : 4 5 2 8 a 0 4 . 6 9  * 92  8 1 8 . 1 0 1 54 BT 0 : 3 0 1 5 9 . 7
57 1 5 / 1 1 / 9 2 1 9 : 5 8 2 8 a 0 2 . 2 9 ' 92  8 1 5 . 9 5 ' 62 MT 0 : 1 5 1 1 .  8 1
58 1 6 / 1 1 / 9 2 1 4 : 5 2 2 7 a 5 9 . 6 7 • 92  8 4 7 . 7 3 ' 63 BT 0 : 3 0 4 1 0
59 1 6 / 1 1 / 9 2 1 7 : 4 5 2 7  8 5 6 . 3  9 ' 92  8 4 7 . 6 1 ' 89 BT 0 : 3 0 5 . 6 3
60 1 6 / 1 1 / 9 2 2 0 : 0 9 2 7  8 5 8 . 8 0 ’ 92  fl4 5 . 3 5 ' 68 MT 0 : 1 5 3 . 0 3
61 1 7 / 1 1 / 9 2 1 5 : 4 1 28  B2 5 . 2  9 ' 92  8 4 8 . 3 5 ' 29 BT 0 : 3 0 3 9 . 9 2
62 1 7 / 1 1 / 9 2 1 8 :  55 28  8 1 4 . 1 5 ' 92  8 4 7 . 1 5 ’ 3 6 BT 0 : 3 0 1 6 6 . 7
63 1 7 / 1 1 / 9 2 2 1 : 2 4 2 8 8 1 4 . 8 0 ' 92  B4 8 . 0 7 ' 3 4 MT 0 : 1 5 4 . 2 7
64 1 8 / 1 1 / 9 2 1 2 : 2 3 27  8 5 8 . 0 8 ' 93 8 1 7 . 9 4 ' 62 BT 0 : 3 0 4 3 5 . 5
65 1 8 / 1 1 / 9 2 15  : 44 27  8 5 0 . 2 7 1 93 8 1 8 . 3 1 ' 81 BT 0 : 3 0 8 0 . 2
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Table 1.2 -  Characteristics of the trawl hauls performed during the 1993 survey of 
small pelagic fish in the Gulf of Mexico, with NOAA ship “Chapman.” Under gear 
type, BT refers to bottom trawl and MT to mid-water trawl.)
S T . # DATE
STARTING P O S IT IO N  
TIM E LAT. N LONG. W DEPTH 
( f m s )
GEAR
TY PE
DUR.OF
TRAWL
TOTAL
CATCH
( k g )
1 1 0 / 1 1 / 9 3 1 4 : 2 2 2 6 B0 2 . 0 0 ' 9 6 a 2 2 . 9 4 ' 54 BT 0 : 3 0 1 9 7 . 6
2 1 0 / 1 1 / 9 3 1 8 : 2 7 2 6 a 0 2 . 1 9 ' 9 6 B2 7 . 8 0 ' 37 BT 0 : 3 0 89
3 1 0 / 1 1 / 9 3 2 1 : 0 9 2 6 * 0 2 . 5 6 ' 9 6  B2 0 . 3 4 ' 36 BT 0 : 3 0 6 . 2
4 1 0 / 1 2 / 9 3 1 5 : 2 2 2 6 a 3 1 . 8 7 ' 9 6  B 2 7 . 7 6 ' 53 BT 0 : 3 1 1 2 5  . 1
5 1 0 / 1 2 / 9 3 1 8 : 3 8 2 6 a 3 2 . 5 0 ' 9 6 B3 9 . 7 0 ' 34 BT 0 : 3 1 1 6 2 . 7
6 1 0 / 1 2 / 9 3 2 0 : 4 4 2 6 a 3 2 . 1 1 ' 9 6 B3 9 . 1 9 ' 13 BT 0 : 3 0 0 . 1
7 1 0 / 1 3 / 9 3 1 6 : 2 8 2 7 B0 2 . 1 0  ' 9 6  a 5 1 .  2 0 ' 33 BT 0 : 3 0 4 1
8 1 0 / 1 3 / 9 3 1 9 : 5 7 2 7 a 0 1 . 3 8  ' 9 6  8 4 3 . 5 1 ' 20 BG 0 : 3 0 6 . 7
9 1 0 / 1 4 / 9 3 1 2 : 4 0 2 7 fl0 2 . 1 8  ' 9 6  a 3 1 . 5 5 ' 66 BT 0 : 3 0 1 2 0 . 2
1 0 1 0 / 1 4 / 9 3 1 4 : 5 6 27  a 0 2 . 0 3  ' 9 6  a 3 8 . 6 8 ' 50 BT 0 : 3 0 47
1 1 1 0 / 1 4 / 9 3 2 0 : 0 0 27 a 0 1 . 8 0  ' 9 6 a 2 8 . 8 0 ' 25 BT 0 : 3 0 1 1 . 8
12 1 0 / 1 4 / 9 3 2 1 : 1 4 2 7 fi0 1 . 9 4 ' 9 6 a 2 5 . 3 6 ' 41 BT 0 : 3 0 6 . 3
13 1 0 / 1 5 / 9 3 1 2 : 4 6 27 B3 2 . 1 5 ' 9 6 a 3 0 . 3 7 ' 39 BT 0 : 3 0 3 4 5 . 5
1 4 1 0 / 1 5 / 9 3 1 5 : 1 8 2 7 a 3 2 . 0 2 ' 9 6  a 4 0 . 9 8 ' 29 BT 0 : 3 0 4 5 4 . 5
1 5 1 0 / 1 5 / 9 3 1 9 : 4 9 27  a 3 2 . 1 1 ' 9 6 a 3 7 . 9 5 ' 20 BT 0 : 3 0 5 6 . 8
1 6 1 0 / 1 5 / 9 3 2 0 : 5 8 2 7 a 3 2 . 3 2 ' 9 6 B3 4 . 0 8 ' 10 BT 0 : 3 0 3 . 4
17 1 0 / 1 6 / 9 3 1 3 : 0 0 2 7 a 3 2 . 1 8 ' 9 6 * 0 9 . 4 8 ' 70 BT 0 : 3 0 13 8 . 6
18 1 0 / 1 6 / 9 3 1 5 : 2 9 27  a 3 2 . 1 2  ' 9 6 * 1 9 . 7 2 ' 53 BT 0 : 3 0 8 8 . 2
19 1 0 / 1 6 / 9 3 1 9 : 5 8 2 7 B3 1 . 8 5  ' 9 6 * 1 3 . 1 5 ' 43 BT 0 : 3 0 2 2  . 6
2 0 1 0 / 1 6 / 9 3 2 1 : 1 8 2 7 ° 3 1 . 8 6 ' 9 6 * 0 8 . 7 9 ' 23 BT 0 : 3 0 14  . 2
2 1 1 0 / 1 7 / 9 3 1 4 : 2 1 2 8 a 0 4 . 5 0 ' 9 5 * 3 1 . 9 9 ' 27 BT 0 : 3 0 1 7 8 . 6
2 2 1 0 / 1 7 / 9 3 1 5 : 3 2 2 8 B0 1 . 2 3  ' 9 5 * 3 2 . 0 3 ' 28 BT 0 : 3 0 1 0 1 . 9
23 1 0 / 1 7 / 9 3 2 0 : 0 9 2 7 a 4 4 . 5 0 ' 9 5 * 3 2 . 0 2 ' 30 BT 0 : 3 0 3 6 . 1
2 4 1 0 / 1 8 / 9 3 13 : 54 2 8 a 2 5 . 6 7 ' 9 5 * 0 2 . 0 2 ' 20 BT 0 : 3 0 1 8 1 .  8
2 5 1 0 / 1 8 / 9 3 1 5 : 1 7 2 8 ° 2 1 . 6 7  ' 9 5 * 0 2 . 0 0 ' 20 BT 0 : 3 0 51
2 6 1 0 / 1 8 / 9 3 2 0 : 0 6 2 8 01 1 . 6 2  ' 9 5 * 0 2 . 3 7 ' 19 BT 0 : 3 0 3 6 . 2
2 7 1 0 / 1 8 / 9 3 2 1 : 2 8 28  B 0 9 . 1 7 ' 9 5 * 0 2 . 5 9 ' 10 BT 0 : 3 0 1 . 8
2 8 1 0 / 2 3 / 9 3 1 1 : 5 2 2 7 a 5 0 . 2 2 ' 9 5 * 0 1 . 8 6 ' 125 BT 0 : 2 8 3 3 7
29 1 0 / 2 3 / 9 3 1 4 : 5 7 28  0 0 4 . 1 6 ' 9 5 * 0 2 . 0 2 ' 34 BT 0 : 3 0 2 4 3  . 2
3 0 1 0 / 2 3 / 9 3 1 9 : 5 4 2 8 B0 2 . 3 5 ' 9 5 * 0 2 . 1 7 ' 30 BT 0 : 3 0 59
3 1 1 0 / 2 3 / 9 3 2 1 : 0 8 28  B 0 5 . 5 0 ' 9 5 * 0 2 . 8 2 ' 19 BT 0 : 3 0 5 . 7
3 2 1 0 / 2 4 / 9 3 1 2 : 4 2 2 7  a 5 6 . 4 8 ' 9 4 * 3 1 . 9 6 ' 53 BT 0 : 3 0 2 7 5
33 1 0 / 2 4 / 9 3 1 4 : 2 0 2 8 ° 0 0 . 5 0 ' 9 4 * 3 2 . 0 3 ' 36 BT 0 : 3 0 2 6 8 . 2
3 4 1 0 / 2 4 / 9 3 1 9 : 5 9 2 8 B0 3 . 1 5 ' 9 4 * 3 2 . 3 1 ' 20 BT 0 : 3 0 3 . 1
3 5 1 0 / 2 4 / 9 3 2 1 : 0 9 2 8 B0 6 . 3 4 ' 9 4 * 3 2 . 3 8 ' 1 5 . 5 BT 0 : 3 0 0 . 5
3 6 1 0 / 2 5 / 9 3 12 : 53 2 8  B1 8 . 0 4 ' 9 4 * 3 2 . 1 6 ' 26 BT 0 : 3 0 92  . 5
3 7 1 0 / 2 5 / 9 3 1 5 : 0 0 28  B 2 6 . 9 0 ' 9 4 * 3 1 . 9 5 ' 22 BT 0 : 3 0 9 6 8 . 2
3 8 1 0 / 2 5 / 9 3 1 9 : 5 4 2 8 B2 5 . 4 3 ' 9 4 * 3 2 . 1 0 ' 15 BT 0 : 3 0 1 7 .  6
3 9 1 0 / 2 6 / 9 3 1 2 : 2 8 2 8 B1 4 . 2 6 ' 9 4 * 0 1 . 9 9 ' 33 BT 0 : 3 0 1 8 1
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(Table continued)
S T . # DATE
STARTING P O S IT IO N  
TIM E LAT. N LONG. W DEPTH 
( f m s )
GEAR
TYPE
D U R .O F
TRAWL
TOTAL
CATCH
( k g )
4 0 1 0 / 2 6 / 9 3 1 6 : 0 0 2 8 a 2 4 . 7 7 ' 9 4 * 0 1 . 9 0 ' 2 6 BT 0 : 3 0 2 2 7 . 3
4 1 1 0 / 2 6 / 9 3 2 0 : 0 8 2 8 * 2 4 . 0 4 ' 9 4 * 0 2 . 1 2 ' 15 BT 0 : 3 0 0 . 6
4 2 1 0 / 2 6 / 9 3 2 1 : 2 3 2 8 * 2 7 . 5 3  ' 9 4 * 0 2 . 5 6 ' 10 BT 0 : 3 0 1 . 6
43 1 0 / 2 7 / 9 3 12 : 4 2 2 7 * 5 1 . 4 7 ' 9 4 * 0 2 . 0 3 ' 7 5 BT 0 : 3 0 2 8 2
4 4 1 0 / 2 7 / 9 3 15  : 3 1 2 7 * 5 8 . 6 7 ' 9 4 * 0 1 . 9 9 ' 45 BT 0 : 3 0 3 3 5 . 5
4 5 1 0 / 2 7 / 9 3 1 9 : 3 6 2 8 * 0 4 . 0 0 ' 9 4 * 0 2 . 0 0 ' 2 7 BT 0 : 3 0 5 . 1
4 6 1 0 / 2 7 / 9 3 2 0 : 4 8 2 8 * 0 7 . 1 7 ' 9 4 * 0 1 . 8 6 ' 16 BT 0 : 3 0 0 . 1
4 7 1 0 / 2 8 / 9 3 17  : 2 4 2 7 * 4 7 . 8 0 ' 9 3 * 3 2 . 0 0 ' 1 1 6 BT 0 : 3 0 2 4 . 7
4 8 1 0 / 2 8 / 9 3 2 0 : 0 4 2 7 * 4 7 . 0 2 ' 9 3 * 3 1 . 8 7 ' 6 0 BT 0 : 3 0 0 . 4
49 1 0 / 2 8 / 9 3 2 2 : 1 7 2 7 * 4 3 . 0 6  ' 9 3 * 3 1 . 9 8 ' 7 0 BT 0 : 3 0 3 . 6
5 0 1 0 / 2 9 / 9 3 13 : 3 1 2 8 * 3 0 . 6 5 ' 9 3 * 3 1 . 8 7 ' 2 3 BT 0 : 3 0 1 2 5 0
5 1 1 0 / 2 9 / 9 3 1 7 : 0 6 2 8 * 2 0 . 4 0 ' 9 3 * 3 1 . 7 0 ' 2 9 BT 0 : 3 0 1 9 8 . 9
52 1 1 / 2 / 9 3 1 7  : 07 2 7 * 5 7 . 3 0 ' 9 3 * 0 1 . 9 0 ' 67 BT 0 : 3 0 5 0 0
53 1 1 / 2 / 9 3 2 0 : 0 2 2 7 * 5 5 . 5 8 ' 9 3 * 0 1 . 9 7 ' 62 BT 0 : 3 0 3 . 2
5 4 1 1 / 2 / 9 3 2 1 : 2 3 2 7 * 5 3 . 2 7 ' 9 3 * 0 1 . 9 7 ' 2 5 BT 0 : 3 0 4 . 5
5 5 1 1 / 3 / 9 3 1 1 : 5 4 2 8 * 3 0 . 1 8 ' 9 3 * 0 2 . 0 2 ' 2 4 BT 0 : 3 0 4 7 5 . 5
5 6 1 1 / 3 / 9 3 13  : 4 0 2 8 * 2 4 . 6 6 ' 9 3 * 0 2 . 0 0 ' 2 8 BT 0 : 3 0 3 6 3 . 6
57 1 1 / 3 / 9 3 1 8 : 5 8 2 8 * 2 3 . 0 0 ' 9 3 * 0 1 . 0 0 ' 16 BT 0 : 3 0 6 . 1
58 1 1 / 4 / 9 3 1 0 : 4 8 2 8 * 1 2 . 9 2 ' 9 2 * 3 2 . 0 6 ' 3 7 BT 0 : 3 0 4 0 9  . 1
5 9 1 1 / 4 / 9 3 13 : 2 6 2 8 * 0 8 . 1 6 ' 9 2 * 3 1 . 9 0 ' 4 5 BT 0 : 3 0 6 0 0
6 0 1 1 / 4 / 9 3 18  : 3 1 2 7 * 5 8 . 8 7 ' 9 2 * 3 1 . 6 0 ' 38 BT 0 : 3 1 2 6 . 2
6 1 1 1 / 4 / 9 3 1 9 : 4 9 2 7 * 5 5 . 8 1 ' 9 2 * 3 1 . 7 7 ' 19 BT 0 : 3 0 1 . 1
62 1 1 / 5 / 9 3 1 1 : 5 6 2 8 * 2 6 . 0 2 ' 9 2 * 3 1 . 9 8 ' 3 1 BT 0 : 3 0 1 4 0 9 . 1
63 1 1 / 5 / 9 3 13 : 4 1 2 8 * 2 0 . 9 8 ' 9 2 * 3 1 . 9 7 ' 3 2 BT 0 : 3 0 4 2 7 . 3
64 1 1 / 5 / 9 3 1 8 : 5 0 2 8 * 2 0 . 2 0 ' 9 2 * 3 1 . 6 0 ' 1 9 . 5 BT 0 : 3 1 2 2 . 4
65 1 1 / 1 0 / 9 3 13  : 4 9 2 8 * 0 8 . 3 0 ' 9 2 * 0 2 . 2 0 ' 4 4 BT 0 : 3 1 1 9 . 1
66 1 1 / 1 0 / 9 3 1 6 : 2 1 2 8 * 0 4 . 8 0 ' 9 2 * 0 1 . 7 5 ' 54 BT 0 : 3 0 2 1 5
6 7 1 1 / 1 0 / 9 3 2 0 : 0 5 2 7 * 5 7 . 0 4 ' 9 2 * 0 2 . 1 3 ' 2 4 BT 0 : 3 0 2 . 4
6 9 1 1 / 1 1 / 9 3 13 : 0 9 2 8 * 2 3 . 6 0 ' 9 2 * 0 1 . 8 0 ' 3 1 BT 0 : 3 0 4 . 1
6 8 1 1 / 1 0 / 9 3 2 1 : 1 3 2 8 * 0 0 . 2 6 ' 9 2 * 0 2 . 3 4 ' 2 7 BT 0 : 3 0 1 0 3 . 1
7 0 1 1 / 1 1 / 9 3 1 5 : 1 8 2 8 * 1 8 . 5 0 ' 9 2 * 0 2 . 7 0 ' 33 BT 0 : 3 0 1 7 5
7 1 1 1 / 1 1 / 9 3 2 0 : 0 0 2 8 * 2 1 . 3 1 ' 9 2 * 0 2 . 2 9 ' 22 BT 0 : 3 0 2 . 7
72 1 1 / 1 1 / 9 3 2 1 : 3 2 2 8 * 1 7 . 5 3  ' 9 2 * 0 2 . 9 9 ' 1 6 BT 0 : 3 0 0 . 2
7 3 1 1 / 1 2 / 9 3 1 5 : 0 9 2 8 * 0 3 . 5 0 ' 9 1 * 3 2 . 0 0 ' 67 BT 0 : 3 0 3 1 3 . 6
7 4 1 1 / 1 2 / 9 3 1 7 : 1 4 2 8 * 0 4 . 8 0 ' 9 1 * 3 2 . 1 0 ' 64 BT 0 : 3 0 1 1 8 . 2
7 5 1 1 / 1 2 / 9 3 2 0 : 1 1 2 7 * 5 9 . 4 9  ' 9 1 * 3 1 . 7 0 ' 82 BT 0 : 3 0 3 . 7
7 6 1 1 / 1 2 / 9 3 2 1 : 3 3 2 7 * 5 6 . 9 7  ' 9 1 * 3 2 . 1 1 ' 2 7 BT 0 : 3 0 0 . 8
7 7 1 1 / 1 3 / 9 3 1 2 : 5 2 2 8 * 1 6 . 5 0 ' 9 1 * 3 2 . 0 0 ' 2 8 BT 0 : 3 0 36
7 8 1 1 / 1 3 / 9 3 1 5 : 0 9 2 8 * 1 7 . 3 0 ' 9 1 * 3 2 . 2 0 ' 3 7 BT 0 : 2 9 28
7 9 1 1 / 1 3 / 9 3 1 9 : 1 6 2 8 * 1 6 . 6 0 ' 9 1 * 3 2 . 7 0 ' 2 7 BT 0 : 3 0 1 . 7
80 1 1 / 1 3 / 9 3 2 0 : 5 1 2 8 * 1 5 . 9 8 ' 9 1 * 3 2 . 1 9 ' 16 BT 0 : 3 0 0 . 1
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(Table continued)
S T .  # DATE
STARTING P O S IT IO N  
T IM E  LAT. N LONG. W DEPTH 
( f m s )
GEAR
TYPE
DUR.OF
TRAWL
TOTAL
CATCH
( k g )
8 1 1 1 / 1 4 / 9 3 1 0 : 4 7 2 8 * 2 3 . 9 3 ' 9 1 * 0 1 . 9 8 ' 25 BT 0 : 3 0 4 7 2 . 7
8 2 1 1 / 1 4 / 9 3 1 2 : 5 9 2 8 ® 1 9 . 1 0 ' 9 1 * 0 2 . 5 0 ' 33 BT 0 : 3 0 3 9 0 . 9
83 1 1 / 1 4 / 9 3 1 8 : 4 6 2 8 ® 1 8 . 3 0 ' 9 1 * 0 2 . 6 0 ' 21 BT 0 : 3 0 2 1 4 . 4
84 1 1 / 1 4 / 9 3 2 0 : 2 8 2 8 ® 1 4 . 6 8 ' 9 1 * 0 1 . 9 2 ' 22 BT 0 : 3 0 2 3 . 4
85 1 1 / 1 5 / 9 3 1 1 : 0 2 2 8 ® 0 0 . 0 1 ' 9 1 * 0 1 . 9 3 ' 77 BT 0 : 3 0 1 1 0 0
8 6 1 1 / 1 5 / 9 3 1 5  : 1 3 28  ®1 0 . 8 0 ' 9 1 * 0 2 . 0 0 ' 49 BT 0 : 3 0 5 3 0 . 5
8 7 1 1 / 1 6 / 9 3 1 3  : 4 2 2 8  ® 0 0 . 6 0 ' 9 1 * 0 1 . 9 0 ' 69 BT 0 : 3 0 1 6 3 6 . 4
8 8 1 1 / 1 6 / 9 3 1 6 : 2 7 2 8 ® 0 8 . 5 0 ' 9 1 * 0 1 . 8 8 ' 51 BT 0 : 3 0 5 3 0
89 1 1 / 1 6 / 9 3 1 9 : 2 8 2 8 ® 0 5 . 9 0 ' 9 1 * 0 2 . 2 0 ' 15 BT 0 : 3 0 0 . 4
9 0 1 1 / 1 6 / 9 3 2 1 : 0 7 2 8  ® 0 4 . 9 5 ' 9 1 * 0 2 . 0 2 ' 17 BT 0 : 3 0 1 2 . 4
9 1 1 1 / 1 7 / 9 3 1 3  : 2 8 2 8  ®1 5 . 8 5 ' 9 0 * 3 2 . 2 0 ' 36 BT 0 : 3 0 5 0 9 . 1
92 1 1 / 1 7 / 9 3 1 6 : 2 8 2 8  ®1 5 . 8 5 ' 9 0 * 3 2 . 2 0 ' 36 BT 0 : 3 0 1 2 8 . 9
93 1 1 / 1 7 / 9 3 1 9  : 0 6 2 8  ®1 4 . 0 0 ' 9 0 * 3 2 . 9 0 ' 24 BT 0 : 3 0 8 . 5
9 4 1 1 / 1 8 / 9 3 1 3  :5 6
oo00inaCOCM 8 9 * 3 2 . 0 0 ' 19 BT 0 : 3 0 4 4 . 8
9 5 1 1 / 1 8 / 9 3 1 5 : 5 5 2 8 * 5 5 . 0 2 ' 8 9 * 3 3 . 1 4 ' 34 BT 0 : 3 0 1 8 9 . 7
96 1 1 / 1 8 / 9 3 1 8 : 5 2 2 8 ® 4 8 . 3 7 ' 8 9 * 3 2 . 4 3 ' 30 BT 0 : 3 0 7 2 . 5
9 7 1 1 / 1 8 / 9 3 2 0 : 1 1 2 8 * 5 1 . 5 8 ' 8 9 * 3 3 . 4 9 ' 22 BT 0 : 3 0 9 6 . 5
9 8 1 1 / 1 9 / 9 3 8 : 5 7 2 8 * 5 9 . 7 9 ' 8 9 * 0 2 . 1 0 ' 31 BT 0 : 3 0 1 6 5 . 9
99 1 1 / 1 9 / 9 3 1 1 : 0 2 2 8 * 5 1 . 0 4 ' 8 9 * 0 1 . 8 7 ' 1 1 8 BT 0 : 3 0 5 4 7 . 7
1 0 0 1 1 / 1 9 / 9 3 1 8  : 02 2 8 * 5 0 . 6 8 ' 8 9 * 0 1 . 7 7 ' 32 BT 0 : 3 0 3 . 2
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Tablel.3 -  Characteristics of the trawl hauls performed during the 1986 survey of 
small pelagic fish in the Sofala Bank, with the seiner “Atloy Viking.’*
S T .  #
DATE
STARTING P O S IT IO N  
TIM E LA T. S LONG. E
DUR.OF
TRAWL
DEPTH
(m)
TOTAL
CATCH
( k g )
1 1 8 / 9 / 8 6 1 9 : 1 5 2 0 * 3 5 ' 3 5 * 1 2 ' 0 : 3 7 1 5 - 2 2 0
2 1 8 / 9 / 8 6 2 0 : 4 5 2 0 * 3 3 ' 3 5 * 1 6 . 5 ' 1 : 0 0 2 2 - 2 9 4 . 0 0
3 1 9 / 9 / 8 6 0 0 : 2 5 2 0 * 2 0 ' 3 5 * 1 5 ' 1 : 0 0 23 1 0 . 5 0
4 1 9 / 9 / 8 6 0 3 : 0 5 2 0 * 2 0 ' 3 5 * 0 0 ' 1 : 0 0 15 5 . 5 7
5 1 9 / 9 / 8 6 1 8 : 2 0 1 9 * 1 0 ' 3 5 * 5 2 ' 1 : 0 0 2 0 - 2 2 1 8 . 5 0
6 1 9 / 9 / 8 6 2 0 : 5 0 1 9 * 2 0 ' 3 5 * 5 5 ' 1 : 0 0 2 0 - 2 5 4 . 9 2
7 2 0 / 9 / 8 6 0 0 : 2 0 1 9 * 2 0 ' 3 6 * 1 5 ' 1 : 0 0 2 8 - 3 2 1 1 . 5 0
8 2 0 / 9 / 8 6 0 4 : 5 5 1 9 * 1 5 ' 3 6 * 3 0 ' 1 : 0 0 4 1 - 4 2 1 . 0 0
9 2 0 / 9 / 8 6 1 8 : 4 5 1 8 * 1 0 ' 3 7 * 1 5 ' 1 : 0 0 2 8 - 3 0 3 . 7 5
10 2 0 / 9 / 8 6 23  : 0 5 1 7 * 5 5 ' 3 7 * 1 5 ' 1 : 0 0 1 6 - 1 7 3 . 9 0
1 1 2 1 / 9 / 8 6 0 4 : 0 0 1 7 * 4 9 ' 3 7 * 4 0 ' 1 : 0 0 2 4 0 . 5 0
12 2 1 / 9 / 8 6 1 9 : 0 0 1 7 * 1 5 ' 3 8 * 4 0 ' 1 : 0 0 2 1 1 . 8 6
13 2 2 / 9 / 8 6 0 0 : 0 5 1 7 * 2 2 ' 3 8 * 1 9 ' 1 : 0 0 1 8 - 1 9 3 .4 5
14 2 2 / 9 / 8 6 0 3 : 1 0 1 7 * 3 0 ' 3 8 * 0 4 . 5 ' 2 : 0 0 2 4 - 2 6 1 .  90
15 2 4 / 9 / 8 6 2 0 : 3 0 1 8 * 1 5 ' 3 7 * 0 0 ' 1 : 0 0 1 9 - 2 2 3 . 5 5
16 2 4 / 9 / 8 6 2 3  : 4 5 1 8 * 3 0 ' 3 7 * 0 0 ' 2 : 0 0 2 7 - 3 2 0 . 8 5
17 2 5 / 9 / 8 6 03  : 1 5 1 8 * 4 5 ' 3 6 * 5 0 ' 2 : 0 0 3 1 - 3 4 0
18 2 5 / 9 / 8 6 1 7 : 4 5 1 9 * 3 0 ' 3 6 * 2 0 ' 2 : 0 0 3 7 - 3 9 0
19 2 5 / 9 / 8 6 2 3  : 4 5 1 9 * 3 7 ' 3 5 * 4 6 ' 1 : 3 0 2 7 0 . 0 4
2 0 2 6 / 9 / 8 6 0 4 : 3 0 1 9 * 3 7 ' 3 5 * 2 0 . 5 ' 1 : 1 5 1 2 - 1 8 0 . 8 2
2 1 2 6 / 9 / 8 6 1 8 : 1 5 1 9 * 5 0 ' 3 5 * 1 5 ' 1 : 0 0 1 6 - 1 9 0 . 50
22 2 6 / 9 / 8 6 2 3 : 1 0 1 9 * 5 0 ' 3 5 * 3 5 ' 1 : 3 0 2 6 0 . 5 0
23 2 7 / 9 / 8 6 0 4 : 3 5 1 9 * 4 6 ' 3 5 * 5 6 . 5 ' 2 : 0 0 5 0 ? 0 . 1 6
2 4 2 8 / 9 / 8 6 1 7 : 3 0 2 0 * 0 5 ' 3 5 * 4 0 ' 2 : 0 0 3 2 - 4 0 2 2  . 1 1
2 5 2 8 / 9 / 8 6 2 2  : 1 5 2 0 * 0 5 ' 3 5 * 2 4 ' 1 : 3 0 2 0 - 2 8 2 2  . 3 5
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Tablel.4 — Characteristics of the trawl hauls performed during the 1987 survey of 
small pelagic fish in the Sofala Bank, with the seiner “Atley Viking.’*
S T .
CRON. DATE
STARTING
TIM E
P O S IT IO N
L A T . S LONG. E
DUR.OF
TRAWL
DEPTH
( m )
T O T . CATCH 
( k g )
1 1 7 / 0 2 / 8 7 1 9 : 1 0 2 0  8 5 0 ' 3 5 8 1 5 ' 1 00 2 0 - 2 2 0
2 1 7 / 0 2 / 8 7 2 3 : 1 0
0
 
in01 O 
CM 3 5  a 3 0 ' 0 4 5 2 4 - 3 6 5 TONS JEL
3 1 8 / 0 2 / 8 7 0 2 : 5 0 2 0 B3 5 ' 3 5 fl2 5 ' 1 00 2 6 - 2 7 0 . 4 0 0
4 1 8 / 0 2 / 8 7 1 9 : 0 5 2 0 8 3 5 ' 3 5 a 0 5 ' 1 00 2 2 - 2 4 3 .1 8 0
5 1 8 / 0 2 / 8 7 2 2 : 4 0 2 0 B2 0 ' 3 5 8 0 0 ' 1 0 0 1 4 - 1 7 4 . 5 2 0
6 1 9 / 0 2 / 8 7 0 2 : 4 5 2 0 B2 0 ' 35  8 1 5 ' 1 0 0 1 9 - 2 2 0 . 0 0 0
7 1 9 / 0 2 / 8 7 1 8 : 4 0 2 0 8 0 5 ' 35  8 0 5 ' 1 00 1 7 - 2 0 0
8 1 9 / 0 2 / 8 7 2 3 : 3 0 2 0  8 0 5 ' 3 5  B2 5 ' 1 00 1 8 - 2 6 0 . 3 0 1
9 2 0 / 0 2 / 8 7 03  : 2 0 1 9  8 5 0 ' 3 5 8 1 5 ' 1 0 0 1 7 1 . 1 2 0
1 0 2 0 / 0 2 / 8 7 1 8 : 3 5 19  8 1 5 ' 3 6 a 3 0 ' 1 0 0 3 5 - 4 3 9 . 3 0 0
1 1 2 0 / 0 2 / 8 7 2 2 : 0 0 19  8 0 0 ' 3 6 a 2 5 ' 1 00 2 1 - 2 3 1 3 . 5 0 0
12 2 1 / 0 2 / 8 7 1 8 : 5 0 1 8  fl3 0 ' 3 6 fl4 0 ' 1 0 0 1 4 0
13 2 1 / 0 2 / 8 7 2 3 : 0 0 1 8  “ 3 0 ' 37  fl0 0 ' 1 0 0 2 7 - 2 8 1 . 0 0 0
14 2 2 / 0 2 / 8 7 0 2 : 4 5 18  81 5 ' 3 7  8 0 0 ' 1 00 1 5 - 1 8 1 9 . 1 0 0
15 2 2 / 0 2 / 8 7 1 9 : 0 0 1 7  a 3 0 ' 38  B2 0 ' 1 0 0 3 7 - 4 3 0 . 0 2 0
16 2 2 / 0 2 / 8 7 2 2 : 3 0 17  8 1 6 ' 3 8  B2 3 ' 1 0 0 1 3 - 1 5 0 . 0 4 0
17 2 3 / 0 2 / 8 7 0 1 : 5 0 17  8 15  ' 3 8 8 4 0 ' 1 0 0 1 9 - 2 0 0 . 0 4 0
18 2 3 / 0 2 / 8 7 1 8 : 2 0 1 6  8 4 5 ' 3 9 B2S ' 1 0 0 1 4 - 1 6 2 . 2 5 0
19 2 4 / 0 2 / 8 7 0 0 : 3 0 16  8 5 5 ' 3 9 ° 1 5 ' 1 0 0 1 6 - 1 7 0 . 0 1 0
2 0 2 4 / 0 2 / 8 7 0 4 : 1 5 17  8 0 5 ' 3 9 fl0 0 ' 1 00 1 4 3 . 1 0 0
2 1 2 4 / 0 2 / 8 7 1 8 : 3 0 17  83 0 ' 3 8 8 0 5 ' 1 00 2 2 1 .  0 5 0
2 2 2 4 / 0 2 / 8 7 2 2 : 4 5 17  83 5 ' 37  a 4 0 ' 1 0 0 1 3 - 1 4 9 8 . 1 0 0
23 2 5 / 0 2 / 8 7 0 2 : 2 5 1 7 0 5 0 ' 3 7 0 3 0 ' 1 00 2 4 - 2 5 1 . 7 1 0
2 4 2 5 / 0 2 / 8 7 1 8 : 3 0 18  8 0 5 ' 3 7 ° 3 0 ' 1 05 3 5 - 4 6 0 . 0 5 0
2 5 2 5 / 0 2 / 8 7 2 2  : 0 0 17  8 5 5 ' 37  8 1 5 ' 1 00 1 7 - 1 8 5 . 3 5 0
2 6 2 6 / 0 2 / 8 7 0 1 : 1 5 18  8 1 0 ' 37  8 1 5 ' 1 00 3 0 - 3 2 4 .  800
27 2 6 / 0 2 / 8 7 1 8 : 3 0 1 8  8 4 5 ' 3 6 8 5 0 ' 1 00 3 1 - 3 3 3 . 6 3 0
2 8 2 6 / 0 2 / 8 7 2 2 : 4 5 18  8 4 5 ' 3 6 B3 0 . 5 ' 1 00 1 3 - 1 5 1 . 7 5 0
29 2 7 / 0 2 / 8 7 0 3 : 1 0 19  8 0 0 ' 3 6 8 4 0 ' 1 00 3 4 - 3 5 2 . 3 6 0
3 0 2 7 / 0 2 / 8 7 1 8 : 4 5 1 9 “ 2 0 ' 3 6 ° 1 5 ' 1 00 2 9 - 3 1 3 0 .  5 0 0
3 1 2 7 / 0 2 / 8 7 2 2 : 5 0 19 8 0 5 ' 3 6 8 0 5 ' 1 00 1 7 1 . 7 0 0
32 2 8 / 0 2 / 8 7 0 1 :  5 0 19  8 1 0 ' 3 5 8 5 0 ' 1 00 1 7 - 1 8 1 0 . 0 0 0
33 2 8 / 0 2 / 8 7 1 8 : 3 0 19  8 2 0  ' 3 5 8 5 5 ' 1 00 2 0 - 2 3 6 . 0 9 5
3 4 2 8 / 0 2 / 8 7 2 2 : 1 0 19  8 3 5 ' 3 6 a 0 5 ' 1 00 3 0 - 3 2 2 0 . 2 1 6
3 5 0 3 / 0 1 / 8 7 0 2 : 2 0 19 83 0 ' 3 6 a 2 0 ' 1 00 3 4 - 4 0 4 . 3 0 0
3 6 0 3 / 0 1 / 8 7 1 8 : 4 5 19  8 3 5 ' 3 5 8 4 5 ' 1 00 2 9 3 . 6 0 0
3 7 0 3 / 0 1 / 8 7 2 2 : 5 5 19  8 3 5 ' 3 5 a 2 5 ' 1 00 1 2 - 1 6 1 5 . 4 0 0
3 8 0 3 / 0 2 / 8 7 0 2 : 4 5 19  8 5 0 ' 3 5 B5 5 ' 1 00 2 2 - 2 9 1 .  6 0 0
3 9 0 3 / 0 2 / 8 7 1 8 : 3 0 1 9 0 4 5 ' 3 6 0 1 0 ' 1 0 0 5 2 - 5 3 0 . 4 0 0
4 0 0 3 / 0 2 / 8 7 2 2 : 1 0 1 9 0 5 0 ' 3 5 0 5 5 ' 1 00 4 0 - 4 5 1 . 8 5 0
4 1 0 3 / 0 3 / 8 7 0 2 : 1 5 2 0  8 0 5 ' 3 5 8 4 5 ' 1 00 4 0 - 4 4 7 . 2 5 0
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* F I L E :  B H A T - l .S A S ;
* * *  SELECT LENGTH FREQUENCY F IL E  * * * /
* * *  AND APPEND I T  AS A COMMENT * * * /
*  *  *
OPTIONS NODATE NONUMBER 
L S = 6 5  P S = 3 0 ; ** AT THE END OF T H IS  PROGRAM TO CHECK * * /  
** *  FOR EXTRA V A R ' S  OR M ISSIN G  VALUES * * * /
T IT L E  ' RAW DATA' ; /
DATA ONE;
IN F IL E  ' F : \ R U I \ M Z \ F E B - 8 7 \ S I Z E - 0 5 . T X T '  M ISSOVER F IR S T O B S = 8;
INPUT @1 LENGTH X FREQ; DROP X;  * X i s  a n  " e x t r a "  v a r .
( s a m p l e ) ;
PROC PR IN T NOOBS; SUM FREQ; * * *  COMPARE WITH TOTAL OBS IN  DATA SET
p r o c  c h a r t ;  v b a r  l e n g t h  /  f r e q  = f r e q  D IS C R E T E ; 
RUN;
♦* *  SAVE OUTPUT TO SELECT * * *  
***  L IM IT S  OF F IR S T  GROUP * * *  
* * *  FROM PLOT AND L IS T IN G  * * *  
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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/ /
* F I L E :  B H A T - 2 . S A S ; / * * *  CHECK FOR PO IN T S THAT * * * /  
/ * * *  ARE I N  A STRAIGHT L IN E  * * /
/ /
T IT L E  ’ B H A T-2 -  ONE -  ORIGINAL DATASET WITH D IF F  OF LOG ( F R E Q ) ’ ;
DATA ONE; SET ONE;
LOGNUM = LOG ( e _ p u n c )  ; LAGNUM = LAG1 (LOGNUM) ; 
LOGDIF = LOGNUM -  LAGNUM;
PROC PR IN T  NOOBS; RUN;
T IT L E 2  ’ BHATTACHARIA PLOT -  WHOLE SAM PLE' ;
PROC PLO T; PLOT LOGDIF*LENGTH=' * ' ;  RUN;
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• F I L E :  B H A T - 3 . SA S;
T IT L E  'B A T H -3  -  DATA = REG_ONE: REG RESSIO N  F IR S T  GROUP'
DATA GROUPONE; SET ONE;
/ * * *  SELECT L IM IT S  OF CLASSES FOR F IR S T  GROUP * * * /
I F  LENGTH < 4 OR LENGTH > 5 . 5  THEN D ELETE;
PROC GLM n o p r i n t ;  MODEL LOGDIF=LENGTH;
OUTPUT OUT=REG_ONE P=PRED / *  L 9 5 = L 9 5  U9 5 = U9 5  * /  ;
PROC P R IN T  DATA=REG_ONE NOOBS;
PROC PL O T ; PLOT LO G D IF*LEN G TH =' o '
p r e d  * l e n g t h = ' * '  /  o v e r l a y ;
RUN;
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• F I L E :  B H A T -4 . SAS ;
d a t a  GROUPONE; m e r g e  ONE REG_ONE; b y  l e n g t h ;
• T IT L E  'O R IG IN A L  DATA S E T  WITH PRED VALUES FROM R E G R E S S IO N ';
★ = = = == = = = = _ _= = = = = = — = = = — =     ________“ “  —  “  —  —  —  —  —  f
p r o c  p r i n t  n o o b s ;  * * *  H IG H LIG H T AND RUN F IR S T  U N T IL  HERE ! * * * ;
* * *  TO BE ABLE TO SELECT SMALLEST * * * 
* * *  LENGTH CLASS TO CALCULATE "GROUPONE* * * *
v a r  length e_punc lognum lagnum logdif pred; run;
DATA NEW_ONE; SET GROUPONE; R E TA IN  GROUPONE LOG_NEW LAG_NEW;
I F  LENGTH < 4 THEN GROUPONE = TOTAL; * KEEPS O R IG IN A L FREQ * ; 
I F  LENGTH = 4 THEN DO; GROUPONE = EXP (LAGNUM -t- P R E D ) ;
LOG_NEW = LOG (GROUPONE) ; END;
LAG_NEW = LA G (LOG_NEW );
I F  LENGTH > 4 AND LENGTH < 6 THEN DO;
GROUPONE = E X P ( LAG_NEW + PRED) ;
LOG_NEW = LO G (G R O U PO N E);
LAG_NEW = LAG ( LOG_NEW) ; END;
I F  LENGTH > 5 . 5  THEN DO;
GROUPONE = . ;  LOG_NEW = . ;  LAG_NEW = . ;  END;
•DROP LOGNUM LAGNUM LOGDIF PRED;
O PTIO N S L S = 8 0 ;
T IT L E 2  ' B H A T - 4 :  DATA " NEW_ONE“ WITH FREQUENCIES FOR F IR S T  GR O U P ' ;
PROC PR IN T  NOOBS; RUN;
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* F I L E :  B H A T -5 . S A S ; * * * * * * * * * * * * * * * * * * . * * . * * * » * * * * * * * * * * * * * * * *
***  MAKES PLOT_ONE DATABASE JU S T  FOR GPLOT 
* * .  I F  THE PLOT I S  NOT ACCEPTABLE
*** RESTART WITH B H A T -3 . SAS
T IT L E 1  ’ B H A T -5 : PLOT_ONE -  F IR S T  GROUP' ;
* — > I F  NOT F IR S T  GROUP, CHANGE T IT L E ;
T I T L E 2 ;
DATA PLO T_O N E; SET NEW_ONE;
IN T  = 0 . 5 ;  XLENGTH = LENGTH -  I N T / 2 ;  YFREQ = 0 ;
t
- - >  IN P U T ; NOR_MEAN = 4 . 5 5 4 2 9 ;  * * *  INPUT FROM UNIVAR (B H A T -5) * * * :
— > IN P U T ; NOR_VAR = 0 . 1 8 3  6 4 ;  * * *  G_1 (GROUPONE) VALUES * * * ;
- - >  IN P U T ; NOR_SUM = 7 7 9 1
* NEW V ARIABLE - > ;  NORM_ONE = NOR_SUM/2 *
(1  /  SQRT ( 2 * 3 . 1 4 1 5 9  * NOR_VAR) )*
EXP (-(X LEN G TH  -  NOR_MEAN)* * 2 / ( 2 *  NOR_VAR) ) ;
OUTPUT;
I F  E_PUNC THEN YFREQ = E_PU N C ;
ELSE YFREQ = 0 ;  Y_ONE = . ;  NORM_ONE = . ;  OUTPUT;
XLENGTH = LENGTH; YFREQ= . ; Y_ONE = GROUPONE;
NORM_ONE = NOR_SUM/2 * (1  /  SQRT ( 2 * 3 . 1 4 1 5 9  * NOR_VAR) ) * 
EXP (-(X L E N G T H  -  NOR_MEAN) * * 2 /  ( 2 *  NOR_VAR) ) ;
OUTPUT;
XLENGTH = LENGTH + I N T / 2 ;  YFREQ = E_PU N C;
Y_ONE = . ;  NORM_ONE = . ;  OUTPUT;
I F  E_PUNC THEN YFREQ = 0 ;  ELSE YFREQ = . ;  OUTPUT;
DROP IN T ;
/ *
PROC P R IN T  DATA= PLOT_ONE NOOBS; SUM NORM_ONE;
VAR XLENGTH E_PUNC GROUPONE YFREQ Y_ONE NORM_ONE; RUN;
* /  * * * * * * * * . * * * * * * * * * * * * * * * . * * * .
GOPTIONS DEVICE=W IN ; * INCLUDE 'RO TA TE' TO PR IN T  ;
PROC GPLOT DATA=PLOT_ONE;
LABEL YFREQ = ’ O R I G . E _ P UNC . '
XLENGTH = ' LENGTH ' Y_ONE = ' NEW E_PUNC . ’ 
NORM_ONE = ' NORMAL NEW E_PUNC. ' ;
PLOT YFREQ * XLENGTH=1 
Y_ONE * XLENGTH=2
NORM_ONE * XLENGTH = 3 /  OVERLAY ;
SYMBOL1 COLOR=BLUE V=NONE I = J O I N  W=l ;
SYMBOL2 COLOR=RED V=STAR I=NEEDLE W=5;
SYMBOL3 COLOR=BLACK V=NONE I= S P L IN E  W=2 ;
RUN;
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* F I L E :  B H A T -6 . S A S ; * MAKE DATASET “ TWO" AND PROCEED TO
* B H A T -2 . SAS FOR AN A LY SIS OF GROUP TWO
* I F  YOU WANT TO CHECK THE APPEARANCE
* OF “GROUPONE" PLUS REMAINING POINTS
PROCEED TO B H A T -7 . SAS
t i t l e 2  'NEW DATASET "TWO" WITH FREQ_TWO = FREQ ( O R I G . )  -  GROUPONE’ ; 
*   —------ -=: = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =; = = = =
DATA TWO; SET N E W _one;
FREQ_TWO = FREQ -  GROUPONE;
I F  NOT GROUPONE THEN FREQ_TWO = FREQ ;
I F  FREQ TWO < 0 THEN FREQ_TWO = . ;
PROC PR IN T NOOBS; *VAR LENGTH FREQ GROUPONE FREQ_TWO;
RUN;
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* F I L E :  B H A T -7 . S A S ;
T IT L E  'B H A T -7 : PLOT_NEW -  NORMAL = F IR S T  GROUP; NEEDLES = R EM A IN S'
DATA PLOT_NEW; MERGE PLOT_ONE TWO; BY LENGTH;
DATA PLOT_NEW; SE T  PLOT_NEW;
I F  XLENGTH NE LENGTH THEN FREQ_TWO = . ;
PROC P R IN T  NOOBS; RUN;
GOPTIONS DEVICE=W IN ; * INCLUDE 'R O T A T E ' TO P R IN T  ;
PROC GPLOT da ta= P L O T _ N E W ;
l a b e l  y f r e q  = ' O R I G .  F R E Q . '  XLENGTH = ' LENGTH'  Y_ONE = 'NEW F R E Q . '  
NORM_ONE = ' NORMAL NEW FREQ. ' ;
PLOT YFREQ * XLENGTH=1
FREQ_TWO * X l e n g t h = 2  
NORM_ONE * XLENGTH = 3 /  o v e r l a y ;  
s y m b o l l  c o l o r = b l u e  v = n o n e  i= J O I N  w = l ;  
s y m b o l2  c o l o r = r e d  v = s t a r  i=N EED LE w = 4 ;  
s y m b o l3  c o lo r= B L A C K  v = n o n e  i = s p l i n e  w = 2 ;
RUN;
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VITA
Rui de Paula e Silva was born in Lisbon, Portugal, on July 30, 1954. In June 
1967 he moved to Mozambique, at the time a Portuguese colony, where he completed 
his secondary and higher education. At the time of Mozambique's National 
Independence, on June 25, 1974, he had just completed his Bacharelato, or 
undergraduate degree in General Biology, and decided to acquire Mozambican 
citizenship. He proceeded with his graduate studies in marine biology at the same 
university, being awarded the degree of Licenciado in 1976.
In order to perform the field research required for his graduate degree, he was 
admitted as probationer at the Mozambican Fisheries Research Institute. After 
completion of his degree, he continued in the same institution that, after 18 years of 
service, awarded him the present study leave. During this period he occupied different 
administrative positions and integrated several research projects studying the fishery 
resources of Mozambique, including tuna, deep-water crab, seaweeds, anchovies, and 
inland waters.
From his research, he brought to the United States data from two hydroacoustic 
surveys that he had directed in 1986 and 1987 in Mozambique, but had never finalized 
analyzing. In order to complete the data required for his dissertation project, Rui started 
a co-operative work with the Pascagoula Laboratory of the United States National 
Marine Fisheries Service. He participated in two surveys of the Gulf of Mexico on the
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NOAA ship “Chapman” and used data from two hydroacoustic surveys in that area on 
his dissertation. His project was to combine hydroacoustic and trawl data in order to 
identify the species reflected in the hydroacoustic data, and he completed it successfully.
Rui is now a candidate for and will receive the degree of Doctor of Philosophy 
from the Louisiana State University, Baton Rouge, Louisiana, United States of America, 
in May 2000.
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